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I.  SUMMARY 


The  Bureau  of  Ships  o:^he  Unite^^St^es  Navy  contracted  wiy 
Corporation  to  prepare  ^  design/for  the  manufacture  of 


the  Girdler 
for  fuel 

cell  application  aboard" submarines  using  methanol  as  the  raw  material^ 
Girdler*  s  experience  in  the  developnent,  design,  and  manufacture  fl£>-»afell 
scale  processing  plants  for  portable  and  submarine  useag>«^5'''a3  experi¬ 
mental  know-how  in  the  synthesis  gas  generation^i^na'  puitufication  field 
was  used  as  the  basis  for  the  initial  studies*  *As  an  aid  in  studying  and 
evaluating  the  process  problems  a  number  of  general  thermodynamic  calcu¬ 
lations  were  made  and  charts  constinicted.  These  should  prove  useful  in 
future  phases  of  the  methanol  program. 

ho 

Con- 


jMo  part  of-tihio  aasigmcirb^a  number  of  routes  wer^ investigated 

sidering  the  state-of-the-art  and  the  particular  requirements  of  the  sub¬ 
marine  application  the  evaluation  led  to  the  proposed  processing  sequence 
The  process  consi^s  essentially  of  the  following  steps; 


1,  Pumping  and  vaporizing  liquid  methanol,  condensate,  and 
oxygen, 

2.  Catalytic  refor  ming  of  steam  and  methanol  with  provision 
for  direct  oxygen  injection  into  the  reaction  zone. 


3,  Directly  feeding  the  crude  hydrogen  to  a  palladium  dif¬ 
fusion  unit  for  purification. 

4.  Passing  through  a  methanator  to  guard  against  possible 
carbon  monoxide  leakage, 

5.  Cooling  and  saturating  the  product  hydrogen, 

6,  Burning  the  purge  gas  with  oxygen  in  the  feed  preheater 
under  pressure  and  disposing  of  the  flue  gas  directly  to  the 
sea  after  condensing  out  the  water. 

Some  of  the  specific  advantages  of  the  present  design  are  as  follows; 

1,  Minimum  maintenance  is  required  making  10  days  of  con¬ 
tinuous  operation  easily  attainable, 

2*  Compact  design  is  readily  adaptable  to  the  580  hull  de¬ 
sign, 

3,  Major  pieces  of  equipment  either  fit  through  a  25"  diam¬ 
eter  hatch  or  can  be  constructed  on  board, 

4,  Heat  loss  is  minimized  by  enclosing  the  high  temperature 
reactors  and  the  palladium  diffusers  in  a  common  insulated 
box. 


I-l 


SUMMARY  --  contd. 

5*  Soimd  generation  is  minimized  by  reducing  requirements 
for  moving  equipnent. 

6*  Response  time  for  startup,  shutdown,  and  change  of  rate 
is  very  rapid® 

?®  Oxygen  injection  in  the  reaction  zone  gives  an  assist  in 
the  acceleration  characteristics  of  the  unit® 

8.  The  proposed  design  lends  itself  to  scale  up  to  large 
capacities  without  penalty® 

9®  Hydrogen  inventory  is  kept  within  tolerable  limits® 

10.  There  is  the  alternative  of  condensing  and  storing  the 
CO2  in  the  flue  gas® 

11®  Requires  no  solutions  or  storage  of  other  chemicals 
for  operation  of  the  unit® 

12.  The  unit  does  not  generate  extraneous  material  which 
would  contaminate  the  submarine  atmosphere  or  result  in 
a  disposal  problem® 

13®  The  design  can  be  fully  automated  and  lends  itself  to 
anticipatory  computer  control  for  advantageous  response 
characteristics. 

14®  The  unit  can  be  operated  on  air  with  little  loss  in 
efficiency  with  addition  of  air  compression® 

15.  Methanol  requirements  can  be  reduced  by  substitution 
of  diesel  oil  or  other  fuels  for  part  of  the  firing  duty® 

Methanol  as  a  raw  material  for  generating  hydrogen  on  board  submarines 
has  very  many  advantages  over  other  materials  such  as  diesel  oil,  jet 
fuel,  or  ammonia®  Methanol  is  a  relatively  pure  chemical,  widely  avail¬ 
able  and  easily  stored  and  handled®  The  process  problems  are  relatively 
well  known  with  reasonably  satisfactory  solutions#  Methanol  does  not 
give  rise  to  undesirable  by-products  which  would  result  in  difficult  dis¬ 
posal  problem  on  the  submarine®  There  is  reason  to  believe  that  ethanol 
could  be  easily  substituted  for  methanol. 

In  preparing  the  present  design  a  number  of  uncertainties  were  encountered 
which  require  experimental  verification®  Some  of  these  involve  process 
problems  which  can  best  be  studied  in  a  bench  scale  or  small  pilot  plant 
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!•  SUMMARY  -  contd, 

set-up*  Others  involve  equipment  and  control  problems  which  can  best 
be  studied  in  a  prototype  unit* 

Two  approaches  are  proposed  for  the  second  phase  of  the  program* 

1*  Carry  out  bench  scale  program  before  going  to  proto¬ 
type  unit. 

2.  Cariy  out  bench  scale  and  prototype  programs  simul¬ 
taneously. 

The  first  approach  is  recommended  as  the  most  rational  and  to  be  pre¬ 
ferred  unless  time  schediiles  are  overriding  in  which  case  the  second 
route  sjould  be  considered. 
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II.  INTRODUCTION; 


During  the  past  few  years  increased  interest  has  been  shown  in  the  use 
of  fuel  cells  as  a  means  of  converting  fuel  to  energy.  As  yet  the  fuel 
cell  technology  has  not  developed  to  the  point  of  using  directly  a  raw 
fuel  such  as  gasoline  or  fuel  oil.  These  fuels  are  used  only  as  a  r aw 
materiail  source  of  a  highly  purified  converted  fuel,  usually  hydrogen. 

The  conversion  of  these  fuels  into  hydrog.en  and  its  purification  involve 
complex  chemical  reactions  and  processes.  The  design  and  operation  of 
the  equipment  for  this  fuel  conversion  is  further  complicated  by  the  need 
of  variable  rate  production  or  the  inclusion  of  an  extensive  hydrogen 
storage  facility.  Efficient  design  of  the  hydrogen  production  facilities 
is  of  the  highest  importance  as  the  overall  attractiveness  of  fuel  cells 
is  dependent  upon  an  efficient  source  of  fuel. 

The  sources  of  hydrogen  are  many  and  varied.  Much  commercial  experience 
has  been  gained  over  the  years  in  converting  these  sources  to  hydrogen 
for  other  uses.  However,  the  same  experience  can  be  called  on  in  manu¬ 
facturing  hydrogen  for  fuel  cell  use.  Some  of  the  more  commonly  used 
sources  are  natural  gas  and  petroleum  oils,  while  during  World  War  II 
methanol  was  used  to  some  extent. 

In  looking  for  new  sources  of  power  for  submarines  the  Bureau  of  Ships, 
United  States  Navy,  quite  naturally  became  interested  in  the  fuel  cell. 
Besides  the  high  efficiencies  attributed  to  fuel  cells  other  advantages 
become  quite  apparent.  A  fuel  cell  has  quick  response  together  with  a 
relatively  high  turndown  ratio.  If  hydrogen  is  the  fuel  the  by-product 
is  water,  a  material  very  easily  disposed  of  should  the  quantity  be¬ 
come  excessive.  The  operation  of  a  fuel  cell  is  quiet  and  the  power  is 
produced  in  a  readily  usable  fom. 

Because  of  these  advantages  the  Navy  started  a  search  for  a  source  of 
fuel  for  the  cells.  The  high  inflammability  and  supply  problons  made 
storage  and  use  of  pure  hydrogen  as  the  primary  fuel  unattractive. 

Another  factor  ruling  against  pure  hydrogen  is  that  considerably  more 
energy  is  available  in  the  hydrocarbon  fuels  than  in  pure  hydrogen  when 
based  on  volume.  With  hydrogen  eliminated  as  the  fuel  to  be  carried 
on  board  the  submarines  some  means  of  hydrogen  production  had  to  be 
developed.  Various  readily  available  fuels  were  chosen  as  possible 
fuels  and  several  means  of  producing  hydrogen  from  each  of  these  fuels 
were  deemed  feasible. 

The  Bureau  of  Ships  of  the  United  States  Navy,  contracted  with  the  Girdler 
Corporation  (Nobs  86743)  (Project  Serial  No.  SF013-06-04,  Task  4377)  to 
study  the  various  means  of  producing  hydrogen  from  methanol  suitable  for 
use  in  a  fuel  cell.  Because  of  the  many  ways  that  hydrogen  could  be  pro¬ 
duced  from  methanol  it  was  necessary  to  define  the  limitations  that  would 
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II 


INTRODUCTION  -  contd 


be  imposed  upon  the  process©  The  plant  was  to  be  designed  with  a  maximum 
capacity  of  70  lb  s/hr*  of  hydrogen  of  sufficient  purity  for  use  in  fuel 
cells©  The  minimum  capacity  was  to  be  4  Ibs/hr©  and  the  normal  operating 
rate  was  to  be  20  Ibs/hr©  The  plant  was  to  have  minimum  response  time 
to  changes  in  demand©  It  was  to  operate  without  down  time  for  10  days 
and  at  the  maximum  rate  for  10  hours  in  2  hour  periods©  Cooling  water 
(salt  free)  at  95  ®F*  and  cryogenic  o^qrgen  cooling  from  the  amount  of  oxygen 
needed  to  generate  the  hydrogen  and  consume  it  in  the  fuel  cell  was  to  be 
available©  The  system  optimization  was  to  be  based  on  minimum  weight  and 
volume,  high  overall  efficiency,  minimum  noise,  high  reliability,  minimum 
hazard,  minimum  maintenance  and  cost^  minimum  oxygen  consumption,  and  mini¬ 
mum  gas  leakage  or  purging  to  atmosphere©  The  study  was  to  include  an 
enumeration  of  engineering  and  chemical  assumptions  which  require  verifi¬ 
cation  by  laboratory  or  engineering  tests  and  an  evaluation  of  the  times 
needed  for  start-up,  shutdown,  and  minimum  to  maximum  operation©  Also, 
to  be  included  were  heat  and  material  balances,  size  and  arrangement  of 
equipment,  power  consumption,  fuel  storage,  and  piping  and  instrumentation* 
The  raw  materials  to  be  used  were  liquid  methanol  at  pressures  equivalent 
to  the  submergence  depth,  liquid  oxygen  with  0o5^  Argon,  and  condensate 
from  a  sump  at  atmospheric  pressure©  The  product  hydrogen  was  to  be  de¬ 
livered  at  essentially  atmospheric  pressure,  140®Fo,  and  saturated  with 
water©  The  amount  of  impurity  is  not  critical  since  some  purging  from 
the  fuel  cell  can  be  tolerated  but  GO  and  H^S  are  known  to  be  poisons 
for  certain  fuel  cell  catalysts©  CO2  tends  to  neutralize  an  aLkaline 
fuel  cell  medium  although  some  can  be  tolerated  in  a  fuel  cell  using  an 
acid  medium©  It  should  be  emphasized  that  the  three  most  import £int 
design  considerations  were  compactness,  rapid  response  to  changes  in  out¬ 
put  demand  and  safety*  In  connection  with  safety,  a  hydrogen  inventory 
of  less  than  900  SCF  was  considered  desirable  so  as  to  limit  the  danger 
of  explosive  mixtures  in  the  submarine  in  case  of  severe  equipment  failure* 

With  the  above  specifications  as  a  giiide  the  Girdler  Corporation  first 
studied  the  equilibrimn  and  thermodynamic  considerations  governing  various 
methods  of  producing  hydrogen  from  methanol*  From  these  results  several 
schemes  for  the  generation  and  purification  cycles  were  evaluated#  The 
evaluation  was  made  keeping  in  mind  the  above  factors  and  the  overall 
efficiency  of  the  scheme©  A  final  scheme  was  selected  and  preliminary 
designs  of  equipment  and  auxiliaries  were  prepared*  Complete  energy 
and  material  balances  were  calculated  and  the  equipment  volumes  and  weights 
and  the  operating  requirements  were  determined* 

In  the  examination  of  this  report  it  must  be  kept  in  mind  that  the  design 
contained  herein  is  not  completely  engineered©  Laboratory  and  pilot  plant 
work  needed  to  complete  the  engineering  design  was  beyond  the  scope  of 
the  contract  and  was  not  consid  8a  cd  a  part  of  this  study©  Factors  that 
requi.re  further  testing  or  design  refinement  are  discussed  in  Section  VII © 
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GENERAL  REVIEW  OF  HYDROGEN  PRODUCTION  FROM  METHANOL  g 


Ao  General  Discussion 


!•  Generation 

The  use  of  methanol  for  the  production  of  hydrogen  can 
be  accomplished  by  several  means.  Of  all  these  methods 
reforming,  adiabatic  reaction,  and  theimal  or  catalytic 
cracking  are  of  major  concern  and  are  discussed  below. 

a.  Reforming 

By  reforming  is  meant  a  series  of  reactions  in 
which  the  methanol  in  the  presence  of  steam  is 
catalytically  converted  to  liydrogen,  water,  car¬ 
bon  monoxide  and  carbon  dioxide.  This  conversion 
is  usually  accomplished  at  tonperatures  in  excess 
of  500®F,  The  reaction  is  usually  carried  out  in 
catalyst  filled  reformer  tubes  located  in  a  com¬ 
bustion  chamber.  The  heat  for  the  reaction  is 
supplied  by  the  combustion  of  fuel  and  is  trans¬ 
ferred  through  the  tube  wall.  The  composition 
of  the  products  formed  is  dependent  upon  the  steam 
to  methanol  ratio  in  the  reactants,  temperature, 
pressure,  type  of  catalyst  employed,  and  the  length 
of  time  the  reactants  are  at  temperature  and  over 
the  catalyst.  The  overall  stoichiometry  of  the 
reaction  may  be  represented  by  the  following  two 
equations s 

CH3OH  «  CO  +  2  H2  Rea-ction  (1) 

CO  +  H2O  CO2  +  H2  Reaction  (2) 

Because  the  net  reaction  is  endothe3:mc  large 
quantities  of  heat  must  be  supplied.  Undesirable 
side  reactions  include  the  formation  of  methane 
and  carbon.  These  reactions  can  be  minimized  by 
choice  of  catalyst  and  operating  conditions. 

b.  Adiabatic  Reaction 


Adiabatic  reaction  refers  to  the  reaction  taking 
place  over  a  catalyst  without  heat  being  added 
directly  to  the  reactants.  The  energy  needed  for 
the  reactions,  which  are  governed  by  the  same 
equations  as  given  under  reforming  above,  is  sup¬ 
plied  by  either  sufficient  sensible  heat  in  the 
reactants  or  by  the  addition  of  oxygen  to  the 
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reactants  upon  entering  the  reactor.  In  the 
latter  case,  the  quantity  of  oxygen  is  not  suf¬ 
ficient  for  the  complete  combustion  of  the  methanol 
present.  The  heat  generated  by  the  partial  oxida¬ 
tion  of  methanol  heats  the  reactants  to  a  point  that 
upon  cooling  the  reactants  give  up  the  heat  neces¬ 
sary  for  the  endothermic  reactions.  The  proportions 
of  the  products  produced  are  controlled  by  the  ratio 
of  o:3Qrgen  to  methanol,  the  ratio  of  steam  to  methanol, 
and  the  degree  of  feed  preheat.  The  heat  generated 
in  this  system  goes  directly  to  the  reactants,  re¬ 
quiring  no  transfer  across  tubes  and  resulting  theo- 
rectically  in  more  efficient  use  of  fuel.  One  major 
drawback  to  this  system  is  the  fact  that  the  com¬ 
bustion  products,  carbon  dioxide  and  water,  remain 
in  the  product  gas  and  increase  the  purification 
duty.  Another  is  the  problem  of  setting  up  a 
suitable  set  of  catalyst  beds  to  promote  the  oxi¬ 
dation  reaction  as  well  as  the  reforming  routine. 

From  a  theoretical  standpoint  the  oxidation  reaction 
can  be  carried  out  externally  and  the  hot  flue  gases 
added  to  the  rest  of  the  reactants  and  poured  over 
the  catalyst  but  the  equipnent  becomes  more  complex. 

Co  Thermal  and  Catalytic  Cracking 

Strictly  thermal  cracking  is  subject  to  extensive 
carbon  deposition.  Carbon  removal  would  cause 
much  down  time  with  a  subsequent  low  efficiency. 
Catalytic  decomposition  of  methanol  to  carbon  monoxide 
and  l^rogen  can  be  carried  out  successfully.  How¬ 
ever,  it  is  expedient  to  obtain  additional  hydrogen 
by  conversion  of  the  carbon  monoxide  with  steam  as 
in  the  refoming  reaction.  Neither  of  these  methods 
are  deemed  feasible  for  this  present  application. 

2.  Purification 

Three  compounds  constitute  the  bulk  of  the  impurities  fomed 
with  the  hydrogen  produced  by  either  the  reforming  or  partial 
oxidation  processes.  They  are  carbon  monoxide,  carbon  dioxide, 
and  water.  The  bulk  of  the  carbon  monoxide  is  removed  by  the 
water  gas  shift  reaction  shown  in  Reaction  (2).  However,  for 
fuel  cell  applications  hydrogen  of  approximately  99**^  purity 
is  desired.  For  further  purification  additional  steps  are 
required.  The  methods  described  below  are  but  a  few  of  the 
possible  systems  that  can  be  employed. 
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Experience  has  shown  that  many  systems  are  practi¬ 
cable  for  the  removal  of  carbon  dioxideo  Aqueous 
solutions  of  the  ethanolamines  have  proven  to  be 
effective  for  carbon  dioxide  roaoval  down  to  very 
small  quantitieso  Higher  energy  reqxxirements  for 
regeneration  of  the  solutions  are  a  detriment  • 
Potassium  carbonate  solutions,  particularly  with 
organic  or  inorganic  additives,  are  very  efficient 
for  bulk  carbon  dioxide  removal#  Excellent  puri¬ 
fication  can  be  obtained  by  this  system  but  at 
considerable  increase  in  cost#  Low  temperature 
systems  with  methanol  scrubbing  or  in  conjunction 
with  molecular  sieves  (solid  adsorbent  and  chemi¬ 
cal  conversion  systems  (methanation)  are  other 
means  o 

bo  Carbon  Monoxide  Removal 

Because  of  the  need  for  compactness  of  equipment, 
carbon  monoxide  removal  by  several  of  the  more  con¬ 
ventional  means  (multiple  stage  carbon  monoxide 
conversion,  Cu-liquor  solution  absorpt^Lon,  etc#) 
is  not  applicable#  Methanation  is  an  effective 
means  of  removing  small  quantities  of  carbon  monoxide 
but  it  adds  methane  to  the  product  and  reduces  the 
yield  of  hydrogen#  However,  if  the  efficiency  of  the 
catalyst  used  for  producing  the  hydrogen  is  great, 
the  amount  of  carbon  monoxide  in  the  product  will  be 
small  enough  for  methanation  to  be  practicable# 

The  most  efficient  means  for  the  separation  of  hy¬ 
drogen  from  the  impurities  listed  is  diffusion 
through  palladium#  This  system  has  rapid  respxjnse 
to  changes  of  rate,  has  a  high  turndown  ratio,  and 
is  relatively  compact#  It  does  require  that  the 
impure  hydrogen  be  at  high  pressure  (200  psi  or 
greater)  and  that  certain  palladium  poisons  be  ab¬ 
sent# 

Various  purification  schemes  were  studied  keeping 
in  mind  the  conditions  for  use  as  described  above# 

The  advantages  and  disadvantages  of  each  were  con¬ 
sidered#  The  results  are  contained  and  discussed 
in  Section  IV# 
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3®  Review  of  Catalyst  informcLtion 

Many  catalysts  for  the  production  of  hydrogen  by  refonning 
hydrocarbons  have  been  developed  over  the  years®  Because 
of  the  ample  supplies  and  relative  low  cost  of  petroleum 
products  most  of  the  reforming  cataJLysts  have  been  for  these 
materials®  Little  interest  haw-  been  shown  in  the  use  of 
methanol  as  a  source  of  hydrogen*  One  exception  bo  this  was 
during  World  War  II  when  the  U®S.  Aimy  showed  interest  in 
using  methanol  as  a  fuel  for  small  portable  hydrogen  plants* 

The  Girdler  Corporation  did  some  laboratory  work  at  that 
time  in  search  of  an  efficient  catalyst  for  this  reaction* 

Many  types  of  catalyst  formulations  were  tried,  some  showing 
considerable  promise#  The  s\Jinmary  below  contains  results  on 
some  of  the  catalyst  formulations  tested*  Much  of  this 
earlier  work  is  tabulated  in  Table  III-l* 

1®  A  catalyst  consisting  of  CU“5Q^  Mn  was  prepared 
from  the  sulfates  of  the  metals®  It  gave  a  high  yield 
at  temperatures  as  low  as  480®F*  and  produced  only  small 
concentrations  of  impurities®  It  could  be  compressed  into 
hard  pellets  with  ease  with  only  a  slight  loss  in  activity* 
This  catalyst  had  a  strong  dehydrogenating  activity  on 
pure  methanol,  decomposing  it  almost  completely  according 
to  the  reactions 

CH3OH  =  CO  +  2  Ha 

2*  Catalyst  of  varying  amounts  of  copper  and  iron  were 
tested  experimentally  at  temperatures  of  660®F*  Compo¬ 
sitions  from  25  Cu-75  Fe  to  75  Cu-25  Fe  were  reported 
to  give  extremely*  low  impurities* 

3®  Catalysts  containing  iron,  nickel  and  either  copper 
or  chromium  were  found  to  promote  the  reaction  CliaOH  = 

2  Ha  +  CO®  The  nickel  containing  catalysts  of  this 
series  tended  to  yield  more  unsaturated  hydrocarbons 
then  some  others® 

4.  Methanol  was  successfully  reformed  using  a  combin¬ 
ation  of  Girdler  catalysts  in  a  single  reaction®  The 
steam  ratio  was  varied  from  i®23  to  2.97  giving  yields 
of  98o5?  to  99^® 

The  catalyst  used  in  the  production  of  27  mobile  hydro¬ 
gen  plants  built  by  Girdler  Corporation  for  the  UoS® 

Army  was  the  E®!®  DuPont  catalyst  GCN®  Inquiries  have 
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revealed  that  this  catalyst  is  not  now  in  production*. 

A  survey  of  catalyst  manufacturers  indicate  that  there 
are  a  number  of  catalyst  formulations  that  may  be  sat¬ 
isfactory#  Experimental  work  in  Oirdler  laboratories 
on  a  number  of  presently  available  catalysts  indicates 
this  to  be  the  case# 

It  is  interesting  to  note  that  at  the  time  of  develop¬ 
ment  of  the  process  for  the  portable  Army  units  the 
purity  of  the  methanol  ranged  from  90  to  100^#  Evidence 
was  gathered  indicating  the  performance  of  t  he  c  at  aly  st 
to  be  dependent  Uj^n  the  purity  of  the  methanol  used# 

The  purity  of  methanol  ccmmercially  available  now  is 
99#85^#  Some  of  the  more  common  physical  properties 
of  this  methanol  are  svunmarized  in  Section  III-Do 

Co  Equilibrium  Study  and  Thermodynamic  Considerations 

1.  Product  Composition 

Before  a  design  for  the  production  and  purification  of 
hydrogen  could  be  made  it  was  necessary  to  study  the 
equilibrim  of  the  two  reactions: 

CH3OH  =  CO  +  2  Hg  (Reaction  1) 

CO  +  HgO  =  CO2  +  Ha  (Reaction  2) 

and  the  thermodynamic  characteristics  of  the  various 
proposed  schemes#  It  was  decided  that  the  most 
practical  way  for  the  hydrogen  generation  was  by  re¬ 
forming,  adiabatic  reaction  or  some  combination  of  the 
two.  Several  factors  affecting  the  product  composition 
were  studied  and  all  of  these  factors  could  be  varied 
by  changing  the  operating  conditions#  The  three  im¬ 
portant  variables  were  steam  to  methanol  ratio,  pre¬ 
heat  temperature,  and  reaction  temperature# 

a#  Adiabatic  Reaction 


For  the  adiabatic  reaction  study  it  was  neces¬ 
sary  to  add  oxygen  to  the  steam-methanol  feed 
mixture  in  quantities  to  supply  sufficient 
heat  by  combustion  to  balance  the  heat  require¬ 
ments#  The  heat  load  depended  upon  the  preheat 
and  reaction  temperatures#  The  system  was  in 
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effect  a  partial  oxidation  reaction  with  various 
quantities  of  steaiu  added  to  effect  a  miscel¬ 
laneous  shift  of  CO  to  the  Hg  and  COg  in  a  cata¬ 
lytic  reactor.  In  order  to  determine  the  amounts 
of  products  to  be  expected,  the  thermodynamic 
characteristics  of  the  reaction  were  reviewed.  From 
a  study  of  the  literature  it  was  seen  that  the  re¬ 
action  temperature  would  most  likely  be  between  400®F. 
and  8Go^F.  Calculations  were  then  based  on  reaction 
temperalures  of  400®F.,  600®F.,  and  800®F.  with  feed 
gas  temperatures  from  100®F.,  to  600®F.  The  molal 
steam  to  methanol  ratio,  was  varied  from  0  to  8. 

To  determine  the  equilibrium  compositions  at  the 
various  conditions  it  was  first  necessary  to  assume 
an  amount  of  oxygen  in  the  feed,  the  steam  to  meth¬ 
anol  ratio  and  reaction  temperature.  The  thermody¬ 
namic  equilibriiam  and  rate  of  Reaction  (1)  were 
assumed  sufficient  to  carry  it  to  completion.  The 
overall  equilibrium,  therefore,  was  deteimined  by  a 
material  balance  and  the  equilibrium  of  Reaction  (2). 
The  equilibrium  constant  equation, 

K  -  OOp  X  H^ 

CO  X  HgO 

(K  being  for  a  specific  reaction  temperature)  was 
solved  to  detemine  the  final  product  composition. 
Assuming  an  adiabatic  reaction  a  heat  balance  cal¬ 
culation  gave  the  feed  temperature.  If  the  feed 
temperature  was  not  within  the  range  desired,  a 
new  oxygen  value  was  assumed  and  the  calciilations 
were  repeated. 

The  results  were  plotted  as  mols  of  oxygen  per  mol 
of  methanol  vs.  the  feed  preheat  temperature.  A 
separate  plot  for  each  of  the  reaction  temperatures 
was  made.  Straight  line  parameters  for  the  steam 
ratio  were  used  (See  figures  III-l,  3,  5)-*  From 
these  graphs  cross  plots  were  made.  The  oxygen  in 
the  feed  was  plotted  against  the  steam  ratio  with 
parameters  of  feed  preheat  temperature.  Again  a 
separate  plot  was  made  for  each  of  the  reaction 
temperatures.  (See  Figures  1II-2,  4#6). 

The  calculated  equilibrium  quantities  of  the  products 
are  summarized  in  graphical  form.  The  quantities  are 
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esxpressed  as  mols  of  product  per  mol  of  methanol 
reacted*  The  results  are  grouped  accoixling  to 
the  three  reaction  temperatures,  400'*F«,  600®Fp, 
and  800 ®F*  The  data  are  presented  in  two  ways? 
Product  vs  feed  preheat  temperature  with  para¬ 
meters  of  steam  ratio  and  product  vs*  steam  ratio 
with  parameters  of  feed  preheat  temperatureo  It 
is  to  be  no'^'ed  that  the  quantities  of  the  products 
vary  greatly  with  the  steam  ratio*  Therefore,  care 
must  be  exercised  in  the  use  of  the  graphs  as  the 
scale  calibration  may  not  be  continuous*  (See 
Figures  III-C-7  thru  III-C*30)o 

It  is  noted  that  the  amount  of  oxygen  required  is 
independent  of  the  steam  ratio  (above  1*0)  and 
the  reaction  temperature  as  long  as  the  feed  pre¬ 
heat  temperature  is  equal  to  the  reaction  temper¬ 
ature*  This  is  explained  by  the  fact  that  the  only 
heat  needed  is  that  for  the  endothermic  reaction* 

The  product  curves  indicate  that  from  the  equili¬ 
brium  point  of  view  the  minimum  desirable  steam 
ratio  is  between  1*0  and  2*0* 

Figures  III-C-31  shows  the  variation  in  the  hydrogen 
production  with  reaction  temperature  for  a  given 
preheat  temperature*  It  demonstrates  graphically 
that  as  the  reaction  temperature  increases,  the 
fraction  of  the  methanol  used  as  fuel  increases* 
However,  the  lower  the  reaction  temperature  the 
lower  would  be  the  expected  catalyst  activity  and 
the  lower  the  methanol  conversion* 

bo  Refonning 

The  same  equations  and  equilibrium  constants,  govern 
the  mechanisms  whether  the  reaction  takes  place  in 
an  adiabatic  reactor  or  in  a  reformer*  There  would 
be  no  oxygen  addition  to  the  feed  for  an  ordinary 
reformero  Therefore,  there  would  be  a  shift  in  the 
ratios  of  carbon  monoxide  to  carbon  dioxide  and  hy¬ 
drogen  to  water  in  the  product*  However,  this  dif¬ 
ference  is  small,  and  for  evaluation  purposes  the 
same  curves  used  in  the  adiabatic  partial  oxidation 
studies  can  be  applied*  The  actual  composition 
of  the  product  is  dependent  upon  the  catalyst  em¬ 
ployed  and  the  appi*oach  to  equilibrium  attained* 

In  all  cases  the  compositions  were  based  on  a  100^ 
approach  to  equilibrium* 
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2o  Enthalpic  Considerations 

a©  Reactor  Inlet  Temperature 

In  an  adiabatic  reactor  where  the  reaction  is 
endothermic  it  is  necessary  that  the  reactants 
enter  the  reactor  at  some  elevated  tonperatixre 
and  that  the  heat  is  supplied  from  the  sensible 
heat  in  the  reactants©  The  reaction  will  proceed 
and  the  equilibrium  will  be  established  at  some 
temperature  lower  than  the  inlet®  A  number  of 
calculations  were  made  to  determine  inlet  temper¬ 
atures  that  would  supply  the  heat  needed  for  the 
reaction  to  proceed  at  the  three  temperature 
levels;  400®Fo,  600®Fo  and  800®Fo  The  basis  for 
the  calculations  was  the  heat  of  the  reaction  as 
given  belows 

CH30H  (g)  +  H20  (g)  =  GO2  (g)  +  3  H2  (g) 

A  K  =  21,300  BTU/MoI 

The  reactor  inlet  temperature  was  taken  as  the 
temperature  at  which  the  enthalpy  of  the  react¬ 
ants  was  equal  to  the  sum  of  21,300  Btu  and  the 
enthalpy  of  the  products  at  the  appropriate 
reactor  temperature©  The  results  are  sximmarized 
in  a  useful  form  in  Figure,  1 1 1- 0-32©  In  these 
calculations  no  allowance  was  made  for  heat  loss 
from  the  reactor© 

b#  Heat  Input  Requirements 

In  the  case  of  endothermic  reactions  it  is  obvious 
that  a  source  of  heat  energy  is  needed®  The 
source  of  this  energy  can  be  the  combustion  of  a 
fuel,  electric  power,  or  high  level  waste  heat 
from  some  other  process®  In  the  application  being 
considered  no  waste  heat  is  available®  Likewise, 
since  the  ultimate  use  of  the  hydrogen  is  the  pro¬ 
duction  of  electrical  power  in  the  fuel  cell  the 
source  of  heat  should  be  other  than  electricity® 

The  combustion  of  methanol  with  oxygen  was  there¬ 
fore  selected  as  the  source  of  high  temperature 
heat*  The  amount  of  heat  required  is  dependent 
upon  the  steam  ratio  and  the  reactor  exit  tempei^ 
ature©  The  total  heat  load  can  be  broken  into  two 
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parts,  preheat  requirements  and  reaction  heat 
requirements^  The  liquid  feed  (CH3OH  and  water 
assumed  at  60®Fo)  must  be  heated  to  the  boiling 
point,  vaporized,  and  then  superheated  to  the 
reactor  inlet  temperature# 

In  Figure  III-C-33  are  summarized  the  preheat  re- 
qxxirements  in  thousands  of  3TU/Mol  of  methanol 
needed  to  convert  the  liqioid  methanol  and  water 
at  60®F#  to  superheated  vapor  at  the  various  pre¬ 
heat  temperatures#  As  would  be  expected  the  pre¬ 
heat  requirement  is  a  direct  proportion  to  the 
steam  ratio#  Figures  III-C-34,  35 >  and  36  con¬ 
tain  the  reaction  heat  reqiiirements  of  converting 
the  CH3OH-H2O  mixtures  at  different  preheat  temp¬ 
eratures  to  product  at  the  reactor  exit  tempera¬ 
ture#  The  total  heat  requironent  for  the  various 
steam  ratios  is  contained  in  Figure  III-C-37# 

c#  Flame  Temperature 

In  the  use  of  a  direct  fired  reactor  or  heater  care 
must  be  taken  to  keep  the  flame  temperature  within 
the  design  limits#  If  the  flame  temperature  becomes 
excessive  there  is  danger  of  exceeding  the  limitation 
of  materials  and  damaging  eqtiipnent#  In  the  case  of 
using  pure  oxygen  rather  than  air  as  the  oxidant, 
the  flame  temperature  becomes  much  higher  because 
there  is  no  nitrogen  present  to  act  as  a  diluent# 

In  the  present  design  water  is  added  to  the  com¬ 
bustion  mixture  to  act  as  a  substitute  for  nitrogen# 

In  the  combustion  process  the  water  is  vaporized  and 
superheated  and  therefore  absorbs  both  latent  heat 
and  sensible  heat#  Figure  III-C-38  presents  data 
on  the  flame  temperature  with  various  steam  ratios 
and  preheat  temperatures#  It  should  be  noted  that 
no  correction  was  used  for  the  disassociation  of  GO2 
and  K2O  at  temperatures  above  3000®F#  In  general 
the  disassociation  would  have  some  temperature  lowering 
effect#  This  effect  is  not  deemed  sufficient  for  con¬ 
sideration  in  this  study# 

D.  Physical  and  Thermodynamic  Properties 

In  Table  III-2  are  summarized  the  physical  properties  of  methanol# 

It  was  obtained  from  the  brochures  of  methanol  manufacturers  and 
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is  descriptive  of  the  methanol  presently  available  in  large 
quantities* 

The  vapor  pressure  of  methanol,  water,  and  a  2o0sl  steam  to 
methanol  mixture  is  presented  in  Figure  III-D-1*  The  2*0;  1 
steam  ratio  was  treated  as  an  ideal  solution*  This  curve 
may  be  in  some  error  because  of  the  non-ideal  nature  of 
methanol-water  solutions  but  the  error  is  believed  to  be 
small* 

Tables  III-3  through  III-9  contain  the  absolute  enthalpies 
above  the  elements,  heat  capacities,  and  logarithms  of  the 
equilibria  constants  of  fonnation  of  the  major  constituents 
involved  in  the  production  of  hydrogen  from  methanol*  Table 
III-IO  contains  the  equilibrium  constants  and  heats  of  re¬ 
actions  for  the  water  gas  shifts  CO  +  HgO  «  CO2  +  Hg* 

These  data  are  presented  in  this  report  in  order  to  make 
available  in  a  convenient  form  the  data  which  are  the  basis 
of  process  calculations  developed  in  the  present  study 
(Contract  Nobs  86743)*  The  major  part  of  the  information 
is  taken  from  publications  by  the  National  Bureau  of  Standards* 
Suitable  interpolations  were  made  so  that  the  Fahrenheit  tem¬ 
perature  scale  could  be  used*  The  data  have  been  critically 
evaluated  and  are  believed  to  be  the  most  accurate  data  avail¬ 
able  pertaining  to  the  respective  chemical  species  and  re¬ 
actions  described*  The  data  were  extracted  from  a  larger 
compilation  made  in  1954  by  the  Gas  Processes  Division  of  The 
Girdler  Company,  an  antecedent  of  the  Girdler  Corporation* 
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PHYSICAL  PROFERTIES  OF  METHAMOT. 


Boiling  Point  at  760  mm  Hg 

048“?, 

Critical  Pressure 

78,59  Atm, 

Critical  Temperature 

464  *F, 

Density  of  Liquid  at 

68*F, 

77®F. 

0,79609  g/ml, 
0,79140 

0,78674 

Explosive  Limits,  in  Air 

6,0  to  36,5^  by  Vol, 

Flash  Point,  Tag  Open  Cup 

Tag  Closed  Cup 

60  ®F, 

54“F, 

Freezing  Point 

Heat  Capacity,  Cp  Liquid,  32®F* 

77*F. 

0,566  Btu/Lb,®F, 
0,600  Btu/Lb.'F, 

Heat  of  Combustion  (liq)  COgCg)  &  HgO  (g) 

-274,700  Btu/Lb,Mol 

Heat  of  Formation  (liq) 

-102,665  Btu/Lb.Mol 

Molecular  Weight 

32,042 

Refractive  Index  at 

77®F. 

1,33118 

1,32663 

Viscosity  at  32*F, 

68®F. 

86*F. 

0.82  Cp 

0.597  Cp 

0.510  Cp 

TABLE  III~2--2 


SPECIFICATIONS  FOR  METHAMOL 


Purity,  Minimum 

99*85^  w 

Specific  Gravity,  Maximum,  at  20V20®C 

25V25‘*C 

0.79268 

0.7889 

Acidity  as  Acetic  Acid,  Maximum 

0.003^ 

Acetone,  Maximum 

0.003^ 

Alkalinity  as  Ammonia,  Maximum 

0.0003^ 

Distillation  Range,  Maximum 

loO'^C  including  64*5  "C. 

Non-volatile  Matter,  Maximum 

0.0010  g/lOO  ml 

Water,  Maximum 

0.1^ 

Color,  Maximum 

5  APHA 

Peimanganate  Time,  Minimimi 

50  Minutes  at  15 '^C. 

Carbonizable  Substances,'**’  Maximum 

50  APHA 

Chloride 

Free  of  Turbidity  in 
Standard  Chloride  Test 

Sulfur 

Free  of  Discoloration  in 
Standard  Sulfur  Test 

Appearance 

Clear  and  Free  from 
Suspended  Matter 

Odor 

Characteristic,  Free 
from  Foreign  Odor,  Non-^ 
residual 

Water  Solubility 

No  Turbidity  After  One 
Hour  at  25^0.  when  One 
Volume  of  Methanol  is 
Diluted  with  Three  Volume, 
of  Distilled  Water 

'^^‘Sulfuric  Acid  Wash  Test 


TABLE  III-3 


ENTHALPY  AND  PHYSICAL  PROPERTIES  OF  OXYGEN  (Gas)  Op 


Kol.  wt  =  32.000 
bp-;-297.1i°F 
mp  Hi  -361. 8  “F* 


H®  -H®o 
Btu/lb  mole 


Temp, t 

32 

3,1*10 

60 

3,607 

77 

3,726 

100 

3,887 

200 

i*,591 

300 

5,313 

Uoo 

6,0U5 

500 

6,790 

600 

7,51*7 

700 

8,318 

800 

9,101 

900 

9,891* 

1000 

10,697 

1100 

11,511 

1200 

12,332 

1300 

13,159 

ihoo 

13,993 

1500 

11*,  832 

1600 

15,677 

1700 

16,528 

1800 

17,381* 

1900 

18,21*3 

2000 

19,107 

2100 

19,971* 

2200 

20,81*5 

d(i)  •=  71.2  Ib/cu  ft 
at  -297.ii“F 
Tjj  •=  -181.8“F 
Pjj  =  730.it  psia 


CL®,  Btu/lb 
^mole  'F 


6.989 

7.00U 

7.017 

7.035 

7.129 


7.2lt6 

7.376 

7.512 

7.61t]t 

7.771 

7.885 

7.988 

8.081 

8.166 

8.210- 

8.309 

8.372 

8.1i29 

8.1*82 

8.530 


8.571* 

8.616 

8.653 

8.690 

8.725 


■^Triple  Point 


TABLE 

ENTHALPY  AND  PHYSICAL  PROPERTIES  OF  HYDROGEN  (Gas)  Hg 


Hoi.  wt  =  2.0160 
bp  -  -h23°F 


d(ii  ■»  li.iiP  Ib/cu  ft 
at  -1123’F 
To  =  -UOO'F 
Pc  "  188  psia 


XI  -XI  0 

Btu/lb  mole 

mole®F 

Tempo#  *F 

32 

3,33h 

6.834 

60 

3,526 

6.871 

77 

3,6h3 

6.887 

100 

3,802 

6.905 

200 

6.953 

300 

5,193 

6.977 

iiOO 

5,891 

6.987 

500 

6,590 

6.993 

600 

7,289 

7.002 

700 

7,991 

7.014 

800 

8,69U 

7.030 

900 

9,UOO 

7.052 

1000 

10,107 

7.080 

1100 

10,817 

7.112 

1200 

11,530 

7.151 

1300 

12,248 

7.193 

ll^OO 

12,970 

7.241 

1500 

13,697 

7.292 

1600 

14,429 

7.344 

1700 

15,167 

7.399 

1800 

15,911 

7.455 

1900 

16,660 

7.512 

2000 

17,414 

7.570 

2100 

18,174 

7.629 

2200 

13,939 

7.685 

•itTriole  Point 


^  »  18.01^ 

TKp  “  32 


Temp 


I*  9 


32 

60 

77 

100 

200 


300 

UOO 

300 

600 

700 


h' 


800 

900 

1000 

UOO 

1200 

1300 

lUOO 

1300 

16OO 

1700 

I8OO 

1900 

2000 

2100 

2200 


■  -H*o  ♦ 

-98,890 

-98,667 

-98,530 

-98,3U6 

-97,538 

-96,720 

-95,8^. 

-95,oU8 

-9U,192 

-93,319 

-92,U31 

-91,526 

-90,612 

-89,669 

—88,71^ 

-87,7U1 

-86,753 

-85,'?50 

.8U.727 

-83,687 

-82,631 

-81,562 

-80,U77 

-79,378 

-78,26U 


«  62.3  1^/®'^  ^ 

<3(1)  S  68”? 
705.^“^ 

3206  psi* 


Ic 

?c 


LoglO^f 


B-w/l'® 
3^yiole  "? 


U3.9218 

U1.U322 

BO.OUTp 

38.3051 

32.1369 

27.5823 

2U.079U 

21.3002 

19,0U10 

17,1669 

15.5878 

^.2380 

13.0713 

12.0520 

Ii.i5'-i5 

io.357)i 

9,6Ub3 

9.0050 

8.U261 

7.9003 

7.U197 

6.9800 

6.5758 

6.2028 

5.857U 


8.00I 

8.015 

8.026 

8.039 

8.122: 

8.231 

8.359 

8.U98 

8.6U6 

8.799 

8.958 

9.120 

9.288 

9.156 

9.627 

9.800 

9.971 

10.139 

10.305 

10.U67 

10.626 

10.779 

10.928 

11.011 

11.210 


TABLE  III-6 


HJTHALPY  MSB  PHYSICAL  PROPERTIES  OF  CARBON  MONOXIDE  (Qas)  CO 


Mol.  wt  »  28.010 
bp  «=  -312. 7®F 
KTi  “  -337.1'?* 


“  50.8  Ib/cu  ft 
at  -319'F 
Tc  -  -218. 2'F 
Pc  ■  5lii  psia 


Tenp.j  °F 


32 

60 

77 

100 

200 


300 

ItOO 

500 

600 

700 


800 

900 

1000 

1100 

1200 


1300 

IhOO 

1500 

1600 

1700 


1800 

1900 

2000 

2100 

2200 


H'  -H“o 
Btu/lb  niole 


-U5,51*6 

-li5,35l 

-li5,233 

-ii5,073 

-iUt,375 


-ii3,67i; 

-ii2,968 

-Ii2,255 

-hl,53h 

-h0,80h 


-ho, 063 
-39,313 
-38,551i 
-37,781* 
-37,007 


-36,221 

-35,1*27 

-3li,626 

-33,818 

-33,001* 


-32,181* 

-31,359 

-30,529 

-29,691* 

-28,856 


bo  §10  Kj. 

Op  ,  JJUU/. 

mole  "F 

25.8211* 

6.959 

21*.  6811 

6.962 

2l*.0l*79 

6.965 

23.2517 

6.968 

20.1*1*19 

6.990 

18.3757 

7.032 

16.7917 

7.091 

15.5379 

7.167 

11*.  5200 

7.256 

13.6770 

7.352 

12.9668 

7.1*50 

12.3590 

7.51*8 

11.83ia 

7.61*3 

11.3750 

7.733 

10.9707 

7.820 

10.6113 

7.901 

10.2895 

7.977 

9.9997 

8.01*1* 

9.7373 

8.109 

9.1*990 

8.167 

9.2800 

8.223 

9.0793 

8.271* 

8.891*1* 

8.322 

8.7236 

8.366 

8.5651 

8.1*06 

^Triple  Point 


TABLE  III-7 

ENTHALPY  AND  PHYSICAL  PROPERTIES  OF  CARBON  DIOXIDE  (Gas)  CO2 


Kol 
bp  < 


Ten^.j 


32 

66 

77 

100 

200 


300 

UOO 

500 

600 

700 


800 

900 

1000 

1100 

1200 


1300 

lliOO 

1500 

1600 

1700 


1800 

1900 

2000 

2100 

2200 


wt,  =  Ui.OlO 
-109. 3'F  (sublimes) 

-69.2°F  (^,2  atm) 


Btu/lb  mole 


-165,509 

-165,265 

-165,115 

-I61i,909 

-163,979 


-162,997 

-161,969 

-160,899 

-159,792 

-158,652 


-I57,li8l 

-156,283 

-155,060 

-I53,8lii 

-152,550 


-151,266 

-lli9,96Ii 
-lli8 , 61i8 

-lit?,  318 
-lii5,975 


-lliJj,6l8 

-lli3,253 

-m,879 

-lit0,Lt92 

-139,100 


d(l)  =68.7  Ib/cu  ft 
at  -311.6“? 

To  =  88“F 
Pc  *  1073  psia 


I^glO% 

On®,  Btu, 
mole 

75.U005 

8.596 

71.31161 

8.768 

69.0915 

8.870 

66.2567 

9.010 

56.23U2 

9.565 

li8.8521 

10.058 

ii3.l866 

10.it99 

38.6999 

10.891 

35.0585 

11.2it3 

32.0li5l 

11.560 

29.5103 

11.81i6 

27.3ii60 

12.111 

25.li793 

12.3hh 

23.8507 

12.560 

22.iil88 

12.751i 

21.1it83 

12.930 

20.011i7 

13.088 

18.9965 

13.23lt 

18.0768 

13.366 

I7.2I125 

13.1+89 

I6.21805 

13.599 

15. 78iiO 

13.701 

I5.1it3li 

13.797 

lit.5530 

lj.385 

llt.0072 

13.960 

TABLE  III-8 

ENTHALPY  AND  PHYSICAL  PEOPEHTIES  OF  METHANE  (Gas)  CHj^ 


Mol. 

wt  “  I6.0ii2 

d(l) 

=25.9  Ib/cu  ft 

bp  = 

-258.7“!’ 

at  -263. 2“F 

itp  = 

-296.5“F* 

To  - 
Pc  - 

-116.5“F 

637  psia 

Tenp. ,  "F 

H"  -H'o  +  ^Hf“o 
Btu/lb  mole 

LogioKf 

Op  ,  Btu/, 
mole  °F 

32 

-2ii,83ii 

10,0893 

8.296 

60 

-2b, 605 

9.3263 

8.M1O 

77 

-2h,h62 

8.8985 

8.537 

100 

-2li,26ii 

8.351t7 

3.665 

200 

-23,370 

6.1il22 

9. 306 

300 

-22,b02 

U.9581t 

10.033 

ItOO 

-21,362 

3.8206 

10.811 

500 

-20,2ltl 

2.9006 

11.60!i 

600 

-19,0lil 

2.1393 

12.389 

700 

-17,76Ji 

l.lt996 

13.1ii9 

800 

-I6,lil3 

0.951t3 

13.377 

900 

-lit,  991 

0.1i837 

lit.  569 

1000 

-13,501 

0.0726 

15.227 

1100 

-ll,9it7 

-0.2896 

15.850 

1200 

-10,331 

-0.6117 

I6.b38 

1300 

-8,658 

-0.9002 

17.000 

liiOO 

-6,929 

-1.1581 

17.513 

1500 

-5,163 

-1.3901 

17.995 

1600 

-3,3a? 

-1.6008 

iB.liiilt 

1700 

-I,ii71 

-1.7930 

16.878 

1800 

it39 

-1.9693 

19.279 

1900 

2,397 

-2.1313 

19.61t8 

2000 

it,372 

-2.2799 

19.985 

2100 

6,39lt 

-2.a69 

20.306 

2200 

8,ii3lt 

-2.5it38 

20,595 

^Triple  Point 


TABLE  III-o 

ENTHALPY  AND  PHYSICAL  PROPERTIES  OF  METHANOL  (Qas)  CH3OH 


Mol.  wt  =  32.0H2 
bp  °  lliB.S’F 
mp  =  -ll4.ii.2”F 

dfi)  >=  Ib/cu  ft  at  68®F 

To  =  h6h‘F 
Pc  ■»  1157  psla 


Temp., 

H"  -H> 

Btu/lb  mole 

32 

~n,ki6 

60 

-77,121 

77 

-76,9li3 

100 

-76,693 

200 

-75,51a 

300 

-7ii,286 

liOO 

-72,919 

500 

-71,i;63 

600 

-69,907 

700 

-68,258 

800 

-66,526 

900 

-61i,7l6 

1000 

-62,826 

1100 

-60,866 

1200 

-58,826 

1300 

-56,726 

P  ^  '  ■ 

mole  “F 

31.579 

10.27 

29.513 

10.58 

28.362 

10.76 

26.912 

11.01 

21.751i 

12.07 

17.921 

13.11 

111.  952 

Hi.  12 

12.585 

15.10 

10.651 

16.  Oil 

9.OU0 

I6.9ii 

7.676 

17.79 

6.507 

18.58 

5.1i9l* 

19.33 

li.607 

20.03 

3.82ii 

20.70 

3.128 

21.32 

TABLE  III-IO 


Temp* ,  * 


200 

300 

1;00 

500 

600 


700 

800 

900 

1000 

1100 


1200 

1300 

X4OO 

1500 

1600 


1700 

1800 

1900 

2000 

2100 


2200 


EQUILIBRIUM  CONSTANTS  AND  HEATS  OF  REACTION 
FOR  THE  WATER  GAS  SHIFT  REACTION 
CO  +  H2O  **  GO2  ■**  H2 


Btu/lb  mole 

Kp 

-17,570 

1;523 

-17,110 

783.6 

-17,220 

206.8 

-17,006 

72.75 

-16,777 

31.10; 

-16,538 

15.89 

-16,293 

9.030 

-I6,0iiii 

5.610 

-15,787 

3.7l;9 

-i5,5idi 

2.653 

-15,299 

1.966 

-15,056 

1.512 

-11,311; 

1.202 

-11;,  575 

0.9813 

-ll;,3lU; 

0.8192 

-11,117 

0.6970 

-13,892 

0.6037 

-13,072 

0.5305 

-13,li59 

0.0712 

-13,2l;6 

0.0233 

-13,01;1 

0.3803 
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IV.  DISCUSSION  OF  PRBILIMINARY  PROCESS  STUDIES 


A.  Adiabatio  Reactor 

1.  Steam  Ratio  of  2.0  >1 

An  adiabatio  reaction  is  a  reaction  taking  place  in  such 
a  manner  that  no  heat  is  gained  or  lost  by  tlie  system. 

From  a  practical  point  of  view  a  continuous  reaction  at 
an  elevated  temperature  can  not  avoid  some  heat  loss 
althoxigh  this  may  be  held  to  a  xdiiisium. 

The  reaction  for  the  decomposition  of  methanol  to  CO  and 
Hg  is  endothermic  and  the  reaction  for  the  water  gas  shift, 
wiierein  GO  and  HgO  are  converted  to  COg  and  Hg  is  mildly 
exothermic.  For  an  adiabatio  reaction  of  these  materials 
the  inlet  enthalpy  of  the  reactants  must  be  sufficient  to 
supply  the  heat  required  for  the  reaction,  the  heat  lost  to 
the  surroundings,  and  the  heat  contained  in  the  products  at 
the  reaction  temperattire.  The  reqviired  overall  enthalpy 
balance  is  obtained  by  adding  oxygen  which  reacts  exothermically 
with  reducing  constituent.  This  results  in  an  efficient 
means  of  heat  injection  since  the  heat  is  evolved  in  the  gas 
stream  that  is  to  be  heated. 

From  a  sttidy  of  the  product  composition  charts  (See  Section 
III)  it  can  be  seen  that  the  steam  to  methanol  ratio  should 
be  approximately  2.0.  The  greater  the  steam  ratio  the 
gx»eater  would  be  the  firing  duty,  cooling  water  load  and 
the  size  of  the  equipnent  and  lines.  For  this  first  study 
it  was  decided  to  use  a  steam  ratio  of  2.0  so  that  the 
design  would  result  in  a  minimum  of  eq^paent  size. 

The  flow  diagram  for  hyd3X)gen  generation  in  an  adiabatic 
reactor  is  presented  in  Figure  IV-A.  Liquid  methanol 
and  water  at  60®F.  are  fed  to  a  direct  fired  heater  where 
the  two  liquids  are  vaporized  and  superheated  at  450  psig. 

The  vapors  are  then  fed  to  the  inlet  chamber  of  the  reactor 
\dxere  oxygen  is  added.  The  amount  of  oxygen  is  deteimined 
by  the  steam  ratio,  preheat  temperature  and  reactor  outlet 
temperature.  The  gas  mixture  then  enters  the  catalyst  bed 
of  the  reactor  where  the  hydrogen  is  produced.  From  the  reactor 
the  gas  stream  goes  to  the  purification  section.  The  off-gas 
is  burned  in  the  direct  fired  heater  for  fuel.  Additional 
heat  is  supplied  by  burning  methanol  with  water  added  to  keep 
the  flame  temperature  within  bounds.  The  flue  gas  leaving 
the  direct  fired  heater  consists  of  COg  axid  HgO.  The  gas  is 
cooled  for  water  recovery  and  the  COg  under  3p0  psig  pressure 
may  be  ejected  overboard.  In  an  adiabatic  reactor  products 
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of  combustion  of  methanol  and  oxygen  in  the  process 
stream  leave  the  reactor  at  the  reaction  temperature.  It 
is  obvious  that  such  a  process  has  a  hig:xer  theztnal  efficiency 
than  a  reactor  in  which  heat  is  supplied  frcm  an  external 
high  temperature  flue  gas.  Ihe  response  time  to  rate  changes 
is  faster  since  the  heat  does  not  pass  through  tube  walls 
vdiich  have  to  be  heated.  The  reactor  vessel  is  smaller  than 
a  tubular  reformer  since  space  is  not  alloted  to  heat  transfer 
surface.  Being  Tmder  pressure  the  carbon  dioxide  is 
exhausted  directly  to  the  sea  without  further  compression. 
Efficient  use  of  the  waste  heat  reduces  the  utility  require¬ 
ments.  The  system  is  basicly  <^©t  because  the  only  rotating 
parts  are  the  pumps  for  the  fuel  and  raw  materials. 

Since  some  of  the  fuel  is  fired  in  the  feed  stream  the 
quantity  of  combustion  products  in  the  l:^rog0n  stream 
is  greater.  Therefore,  the  hydrogen  purification  system 
must  be  larger. 

2.  Steam  Ratio  of  4.0 $1 

To  determine  the  effect  of  higher  steam  ratios  on  the  size 
and  number  of  equipment  pieces  a  study  of  a  4.0  to  1  steam 
ratio  was  made.  Again  an  adiabatic  reactor  was  used  for 
hydrogen  generation.  The  fuel  consumption  was  considerably 
higher  than  for  the  lower  steam  ratio.  The  purification 
system  likewise  was  much  larger  with  additiorial  pieces  of  heat 
exchange  equipaent  needed  to  remove  some  of  the  water  prior 
to  purification. 

For  purposes  of  this  study  it  was  not  deemed  feasible  to 
carry  further  stxadies  at  this  steam  ratio.  In  the  future 
as  the  design  develops  it  may  be  necessary  to  go  to  higher 
steam  ratios  for  technical  reasons  in  equipment  limitations. 

B.  Refonaer 

The  basic  equations  governing  the  adiabatic  reaction  of  methanol 
and  water  are  also  valid  for  reforming.  In  reforming  the  heat 
needed  for  the  reaction  is  supplied  to  the  reactants  from  an 
external  source  through  the  reformer  tube  walls.  The  flue  gas 
from  the  combustion  of  the  fuel  does  not  come  into  contact  with 
the  reactants.  Since  the  heat  is  being  added  as  the  reaction 
progresses  there  is  no  need  to  preheat  the  reactants  to  as  high 
a  temperature  as  in  the  case  of  adiabatic  reactors.  This  may  be 
an  advantage  since  lower  reactor  inlet  temperatures  would  reduce 
the  chances  of  methanol  cracking  with  sub3ejj;?erit  deposition  of 
carbon. 
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The  general  syst^  for  hydrogen  generation  by  reforming  of 
methanol  is  shorm  in  Figure  IV-B*  The  feed  of  water  and 
methanol,  in  the  molar  ratio  of  2*0:1,  is  heated  and 
vaporized  wonder  pressure  in  the  feed  preheater*  The 
vaporized  feed  then  passes  to  the  reformer  furnace  where  the 
reaction  proceeds  in  the  catalyst  filled  tubes*  From  the 
reformer  the  effluent  process  gas  goes  to  the  purification 
system.  The  off  gas  from,  the  purification  system  is  birnied 
for  fuel  in  the  reformer*  Additional  heating,  as  required, 
is  suppli'.^i  by  combusting  methanol*  Water  is  injected  with 
the  methanol  to  maintain  the  flame  temperature  within  tolerable 
limits*  Sufficient  o^^ygen  is  supplied  to  convert  aU  of  the 
carbon  to  carbon  dioxide*  The  hot  flue  gas,  under  pressure, 
passes  to  the  feed  preheater  giving  up  much  of  its  latent 
heat  to  the  incoming  feed*  From  the  preheater  the  carbon 
dioxide  is  .further  cooled  for  water  separation*  The  carbon  dioxide 
being  imder  pressure  may  be  discharged  directly  into  the  sea* 

The  system  consists  of  few  pieces  of  major  equipnent*  With 
the  exception  of  the  reformer,  the  equipaent  is  small*  Efficient 
use  of  waste  heat  reB\£,ta  in  low  utility  and  fuel  reqfuiswents* 
With  none  of  the  flue  gas  diluting  the  process  feed  the  purifi¬ 
cation  system  size  can  be  relatively  small*  The  flue  gases  being 
under  sufficient  pressure  are  discharged  directly  overboard 
without  compression*  For  deeper  submergence  operation  a  standby 
compressor  can  be  instalLled*  As  with  the  adiabatic  reactor  the 
reformer  operation  would  be  q^et* 

The  reformer  design  is  Isasicly  larger  than  that  of  the 
adiabatic  reactor*  It  loay  not  respond  to  rate  changes  as 
quickly. 

C*  Palladium  Diffusion  Purification 


!•  General 

Hyt^ogen  porifioation  by  diffusion  through  palladium  metal 
is  a  relatively  new  process*  The  hydrogen  produced  is  of 
ultra-high  purity,  usually  having  impurities  less  than  one 
part  per  billion*  The  process  is  based  on  the  property  of 
palladium  and  particularly  a  palladium  silver  all.oy  to 
diffuse  hydrogen  under  high  pressure  and  temperature*  According 
to  present  day  technology  palladium  in  the  fom  of  small  tubes 
are  operated  at  600  to  SOO®F*  with  pressxire  differentials  through 
the  palladium  tubes  up  to  400  psi*  Pressures  up  to  1000  psig 
are  toleraW.e  as  long  as  the  400  psi  pressure  drop  acrcsis  the 
tubes  is  not  exceeded*  The  palladium  alloys  used  are 
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susceptible  to  poisoning  by  sulfur,  carbon  and  unsaturated 
hydrocarbons.  The  tolerable  limits  of  these  poisons  are 
very  low.  The  cells  can  usually  be  reactivated  by  drawing 
a  vacuum  on  the  tubes  foLlowed  by  air  oxidation  at  800® F. 

Nitrogen,  carbon  monoxide,  carbon  dioxide,  water,  ammonia,  and 
methane  will  not  poison  the  alloy,  but  the  presence  of  any 
gaseous  constituent  reduces  the  hydrogen  partial  pressure  and 
therefore  hinders  the  diffusion  process.  Methanol  is  not  believed 
to  be  a  poison  but  of  course  does  reduce  the  hydrogen  partial 
pressure. 

The  palladium  diffusion  p:irification  system  is  compact 
and  has  a  rapid  response  in  output  demand .  The  diffusion 
system  itself  can  be  turnai  on  and  off  by  opening  or 
closing  a  valve.  In  considering  the  overall  hjrdrogen 
generation  facility,  the  response  of  the  generation  section 
must  also  be  considered.  When  idling  the  diffusion  cells 
can  be  kept  hot  with  electric  heaters  on  temperature  control 
and  can  be  kept  full  cf  hydrogen  in  order  to  be  ready  for 
instant  operation#  When  pure  hydrogen  is  desirad,  the  flow 
controller  iu  adjusted  to  the  desired  rate#  The  ratio  flow 
oonti^Uer  simidtaneoualy  reg»ilates  the  flow  of  purge  gas# 

2#  Treatment  of  ‘D^tal  Crude  Product 

A  flow  diagram  for  the  purification  of  crude  hydrogen  by 
diffusion  through  palladium  alloy  cells  is  contained  in 
Figure  IV«C‘-1.  No  prior  carbon  dioxide  or  watez*  removal 
is  employed. 

Crude  h3^ogen  direct  from  the  methanol  reforming  step, 
either  direct  fired  or  adiabatic  reactor,  is  fed  to  the 
palladitnn  alloy  hydrogen  diffusion  cells  without  removal 
of  the  carbon  dioxide  or  water  vapor.  The  hot  pure 
hydrogen  from  the  diffusion  cells  flows  to  the  product 
hydrogen  cooler.  It  is  partially  cooled  in  the  hydrogen 
cooler  and  then  is  saturated  with  water  vapor  at  140®F. 
by  bubbling  through  condensate  in  the  hydrogen  saturator. 

From  the  bubbler  the  product  goes  to  the  fuel  cells. 

The  dilution  effect  of  the  carbon  dioxide  and  water  vapor 
requires  the  use  of  more  palladium  alloy  diffusion  cells 
than  would  be  required  if  these  had  been  removed.  The 
magnitude  of  this  effect  can  be  seen  in  the  attached  figure 
entitled  "Changes  in  Number  of  Cells  Required  with  Hydrogen 
Recovery  for  Various  Hydrogen  Feed  Purities,"  Figure  IV-C-2. 
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This  figure  shows  how  Lhe  niJinber  of  diffusion  cells 
required  for  producing  pure  hydrogen  at  the  rate  of 
75  Ibs/hr®  changes  with  the  purity  of  the  feed  gas 
and  with  the  degree  of  hydrogen  recovery  sought o  This 
figure  is  based  on  crude  hydrogen  produced  in  an  adiabatic 
reactor  at  a  2sl  steam  to  methanol  ratio *  The  data  is  based 
on  operating  the  diffusion  unit  at  600^Fo  with  a  differentl^al 
pressure  across  the  palladium  tubing  of  200  psi. 

The  disadvantage  of  this  system  is  the  relatively  high 
cost  of  the  palladium  alloy  cells* 

3*  Treatment  of  Ginide  Product  with  Water  Removed 

The  flow  diagram  is  contained  in  Figure  IV-C-3o  This  case 
is  very  similar  to  the  previous  case*  The  additional  step 
of  removing  the  water  vapor  by  condensation  requires  the 
addition  of  heat  transfer  equip  iient.  This  type  of  equipment 
can  be  compact  and  can  have  low  hydrogen  holdup*  An  advantage 
of  this  system  is  the  increased  partial  pressure  of  the 
hydrogen  thus  requiring  only  two-thirds  as  many  palladium 
diffusion  cells  (See  Figure  iy'^C-2)  for  the  purification* 

It  has  the  additional  advantage  that  the  condensing  water 
vapor  will  remove  any  trace  quantities  of  unreacted  methanol* 
The  effect  of  methanol  vapor  is  felt  to  be  that  of  an  inert 
according  to  the  J*  Bishop  &  Co*  However^  the  tests  for 
methanol  dilution  effects  were  of  short  duration  and  were 
conducted  in  a  dry  atmosphere*  This  point  must  be  cleared 
up  by  further  laboratory  investigation* 

Treatment  of  Crude  Product  with  Water  and  Carbon 

Dioxide  Removed 


This  case  is  a  further  refinement  over  the  previous  case  where 
the  water  /apor  was  removed  by  condensation*  The  crude  hydrogen 
from  the  generation  step  is  cooled  by  heat  exchange  and  the 
water  vapor  condensed  out.  The  gas  is  then  scrubbed  with 
monoethanolamine  solution  for  carbon  dioxide  ronoval*  The 
crude  hydrogen  is  then  reheated  and  sent  to  the  palladium 
diffuser*  (See  Figure  IV~C-4) 

In  this  case  the  quantity  of  carbon  dioxide  to  be  removed  from 
the  crude  hydrogen  is  about  30  to  40  times  (depending  on  the  type 
of  gas  generation  system  used)  that  removed  in  the  present  Navy 
unit  for  removing  carbon  cioxide  from  submarine  atmostpheres* 
Calculations  indicate  that  for  this  carbon  dioxide  removal 
system  the  bed  of  packing  alone  will  contain  52  cubic  feet  of 
packings  (20**  Sch*  20  pipe  x  26*  of  packing)*  In  other  wordSp  this 
absorber  alone  would  contain  almost  the  ftiU  900  SCF  of  hydrogen 
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inventory  allowede  Also^  the  equipment  for  carbon  di¬ 
oxide  removal  including  absorber,  regenerator,  pumps, 
heat  exchangers  would  require  the  entire  space  pres¬ 
ently  allocated  for  the  complete  hydrogen  generation 
facility*  Thus,  from  the  standpoint  of  compactness 
and  hydrogen  inventory  the  separate  removal  of  carbon 
dioxide  does  not  appear  practical. 

In  each  case  of  purification  by  palladium  diffusion 
the  off  gas  from  the  cells  is  returned  to  the  hydrogen 
generation  section  as  fuel.  It  contains  carbon  mon¬ 
oxide  and  hydrogen  both  of  which  have  heating  values. 

The  quantity  of  hydrogen  depends  upon  the  amount  of 
recovery  used  in  the  diffuser  cell  operation.  The 
lower  the  recovery  used  the  more  hydrogen  in  the  off 
gas  and  the  lower  the  methanol  needed  for  fuel.  How¬ 
ever,  the  quantity  of  methanol  needed  for  process 
feed  to  produce  a  given  quantity  of  hydrogen  increases 
with  decreased  recovery. 

D .  Purification  by  Low  Temperature  Absorption  in  Methanol 

In  the  proposed  riydrogen  generation  systems  under  consideration, 
the  existence  of  both  liquid  methanol  and  liquid  oxygen  with  its 
cryogenic  coding  potential  suggested  a  purification  scheme  based 
on  low  temperature  absorption  of  carbon  dioxide  in  methanol*  A 
process  of  uhis  type  is  commercially  used  for  the  purification 
of  gas  generated  by  coal  gasification  at  the  Fischer-Tropsch 
synthesis  plant  of  South  African  Oil,  Coal  and  Gas  Corporation. 

The  process  as  commercialized  is  generally  known  as  the  Rectisol 
process. 

The  Rectisol  process  takes  advantage  of  the  fact  that  carbon 
dioxide  solubility  in  methanol  increases  with  decreasing  temp¬ 
erature  and  increased  pressure  and  that  regeneration  of  the 
methanol  is  readily  accomplished  by  a  decrease  in  pressure.  In 
the  commercial  plant  the  gas  stream  at  350  psig  is  contacted  with 
methaxiol  at  -70®F.  and  reduces  the  carbon  dioxide  to  approxi¬ 
mately  l.Q^e  The  main  advantage  claimed  for  the  process  is  lower 
energy  consumption  than  other  scrubbing  processes  such  as  ethanol- 
amine  or  potassium  carbonate.  The  disadvantages  of  the  process 
are  its  complex  flow  scheme  and  relatively  high  vaporization  loss 
of  methanol. 

In  the  process  as  considered  for  this  study  a  simplified  flow 
scheme  would  be  used  along  with  lower  methanol  scrubbing  temper¬ 
atures.  The  lower  temperatures  are  possible  due  to  availability 
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of  ciyogenic  oxygen.  The  use  of  lower  temperature  should  re¬ 
sult  in  greater  carbon  dioxide  solubility  and  lower  residual 
carbon  dioxide  in  the  product,  A  phase  diagram  of  the  CO2-CR3OH 
system  indicates  that  carbon  dioxide  is  soluble  in  methanol  up 
to  17  mol^  at  -1/4.0®Fo  Also^  the  equilibrium  partial  pressure 
of  carbon  dioxide  should  be  very  low  at  this  temperature.  An¬ 
other  factor  is  that  vaporization  loss  of  methanol  should  be 
very  low  at  a  lower  regeneration  temperature. 

In  the  flow  scheme  shown  on  Figure  IV-D,  the  raw  gas  is  cooled 
in  a  heat  exchanger  and  a  water  cooler  to  about  100®F,  The  gas 
flows  through  a  separator  to  a  heat  exchanger  where  the  gas  is 
cooled  to  about  40®F^  A  small  amount  of  methanol  is  added  to 
the  gas  stream  to  prevent  freeze  up  of  the  moisture  still  in 
the  gas  as  it  is  cooled  further  in  the  heat  exchangers  which 
follow.  The  gas  is  cooled  to  about  -lOO^F,  and  then  flows  to 
the  methanol  scrubber  where  it  is  contacted  with  methanol 
entering  at  -140®F,  In  order  to  maintain  high  absorption  capac¬ 
ity  it  would  probably  be  necessary  to  have  chilling  coils  em¬ 
bedded  in  the  packing  so  as  to  counteract  the  heat  of  absorption 
of  the  carbon  dioxide.  The  gas  leaving  the  scrubber  would  pass 
through  adsorbent  vessels  (probably  molecular  sieves)  for  re¬ 
moval  of  the  residual  carbon  dioxide.  The  cold  purified  gas 
then  passes  through  the  heat  exchangers  countercurrent  to  the 
incoming  raw  gas  and  finally  leaves  the  low  temperature  system 
warmed  nearly  to  the  incoming  raw  gas  temperature.  The  gas  is 
then  heated  by  heat  exchange  to  about  500®Fa  and  passes  through 
the  methanator  which  converts  the  carbon  oxides  to  methane. 

The  product  gas  would  be  hydrogen  and  methane  plus  trace  amounts 
of  carbon  oxides, 

E,  Purification  by  Low  Temperature  Adsorption 

The  system  studied  here  is  based  on  increased  molecular  sieve 
capacity  at  lower  temperatures.  The  adsorptive  capacity  of 
molecular  sieves  becomes  very  high  for  most  compoiinds  at  temp¬ 
eratures  near  their  normal  condensation  point.  Thus,  the 
capacity  for  carbon  dioxide  is  increased  greatly  by  cooling  to 
-40  or  -70®F,  With  cryogenic  ccolar*g  available  from  the  liquid 
oxygen  the  reduced  temperatures  become  practical, 

The  simplified  flow  diagram  is  included  in  Figure  IV-E,  The 
system  is  quite  similar  to  the  previous  system  studied^  with 
the  methanol  scrub  portion  being  deleted.  The  system  shown 
takes  the  gas  from  the  hydrogen  generation  section  and  cools 
it  by  heat  exchange  and  cooler.  After  water  separation  the 
gas  is  further  dried  in  a  dehydrator.  From  the  dehydrator  the 
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gas  is  cooled  by  heat  exchange  and  by  liquid  oxygen  cooling 
before  carbon  dioxide  removal  in  the  molecxilar  sieves.  The 
purified  hydrogen  containing  a  small  quantity  of  carbon  oxides 
is  wanned  by  heat  exchange  before  going  to  a  methanator.  In 
the  methanator  the  residual  carbon  oxides  are  converted  to 
methane  and  water.  The  effluent  gas  is  cooled  and  then  goes  to 
the  fuel  cells. 

This  system  is  considerably  less  complicated  than  the  low  temp¬ 
erature  methanol  scrubbing  syst^.  It  has  fewer  pieces  of 
equipnent  than  low  temperatxire  methanol  scrubbing  but  not  as 
few  as  palladium  diffusion.  The  control  would  not  be  excep¬ 
tionally  complicated.  The  time  lag  on  changes  of  rate,  though 
not  as  great  as  with  methanol  scrubbing,  is  not  nearly  as  good 
as  with  the  palladium  diffusion  cells  while  distinct  advantage 
would  be  in  the  cheaper  cost.  The  hydrogen  inventory  would 
not  be  excessive.  Though  offering  a  novel  design  this  system 
is  not  felt  to  be  competative  with  the  palladium  diffusion 
cells  because  of  equipnent  compactness  and  response  time. 

F.  Purification  by  Girbotol  Scrubbing  and  Methanation 

The  most  conventional  method  for  hydrogen  purification  con¬ 
sidered  was  a  Girbotol  system  followed  by  methanation.  The 
system  is  based  on  the  property  of  ethanolamines  to  absorb 
carbon  dioxide.  Upon  heating,  the  ethanolamines  give  up  the 
carbon  dioxide  thus  being  regenerated.  A  typical  flow  dia¬ 
gram  for  this  process  is  shown  in  Figure  IV-F.  The  crude 
hydrogen  is  partially  cooled  in  a  methanator  preheater.  It 
passes  to  the  MEA  reboiler  where  upon  further  cooling  it 
gives  up  the  heat  necessary  for  the  amine  regeneration. 

After  passing  through  a  cooler  the  gas  goes  to  the  amine 
absorber  where  the  bulk  of  the  carbon  dioxide  is  removed. 

The  carbon  dioxide  is  released  from  the  amine  in  the  regen¬ 
erator,  is  cooled  in  the  carbon  dioxide  cooler,  and  is  ex¬ 
hausted  overboard.  In  all  probability  a  carbon  dioxide  com¬ 
pressor  would  be  required  to  boost  the  gas  to  submergence 
pressure.  The  partially  purified  hydrogen  upon  leaving  the 
amine  absorber  is  heated  in  the  methanator  preheater  and 
flows  to  the  methanator.  In  the  methantor  the  residual  car¬ 
bon  oxides  are  converted  to  methane  and  water.  After  cooling 
the  purified  iydrogen  is  sent  to  the  fuel  cells. 

Much  commercial  experience  has  been  gained  with  this  process. 
The  system  is  reliable  and  requires  a  minim\mi  of  maintenance; 
The  degree  of  purification  is  more  than  sufficient  for  fuel 
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cell  application.  Efficient  use  is  made  of  the  waste  heat. 

On  the  deficit  side  the  size  and  number  of  the  pieces  of 
equipnent  are  large.  The  inventory  of  hydrogen  would  be 
near  900  ft®-^  for  the  absorber  along.  The  space  require¬ 
ments  for  this  system  would  be  greater  than  that  allowed  in 
the  5S0  Submarine  design  for  the  entire  hydrogen  production 
facilities.  For  these  reasons  this  system  was  not  given  fur¬ 
ther  consideration. 
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Ao  Process 


1.  General 

After  a  thorough  review  of  the  available  processing  steps 
for  the  manufacture  and  purification  of  hydrogen  from 
methanol  a  scheme  was  selected  for  further  design  and 
study*)  This  section  of  the  report  will  discuss  the  se¬ 
lected  process  and  will  point  out  its  advantages  over 
the  other  processes  studied.  The  process  is  basically 
a  combination  of  proven  process  steps  but  contains  several 
original  features  which  make  it  xmiqueo  The  process  is 
regarded  as  workable^  efficient,  subject  to  wide  output 
variation,  quiet  in  operation^,  free  of  objectionable  odors 
or  waste  materials,  relatively  free  of  moving  paits,  com¬ 
pact  and  allows  variation  in  shape-space  usageo 

The  process  briefly  comprises  the  following  steps; 

a.  Methanol  and  condensate  pumped  together  at 
450  psig  through  heat  exchanger  and  vaporized 
in  methanol  fired  vaporizer, 

b.  Vaporized  and  superheated  methanol-water  mix¬ 
ture  at  700®F#  reacts  over  catalyst  contained  in 
annulus  around  tube  containing  hot  flue  gas  from 
vaporizer.  Exit  temperature  700®Fo 

c*  Crude  product  flows  to  palladium  diffusion 
cells  maintained  at  700'^F,  Hydrogen  diffuses 
through  the  palladium  and  the  residual  gas  is 
burned  in  the  fired  vaporizer  at  about  400  psig, 

d.  Purified  hydrogen  at  5  psig  flows  through 
methanator  guard  chambers  and  is  finally  saturated 
at  140"F«  for  use  in  the  fuelocell, 

2o  Selection  of  Non- Adiabatic  Process 

The  gas  generation  step  is  essentially  the  basic  non-adiabatic 
process  with  the  hybrid  feature  of  an  oxygen  assist.  The  non- 
adiabatic  refoiroing  process  was  selected  over  the  basic  adi¬ 
abatic  process  for  a  variety  of  reasons.  Reference  to  the 
discussion  in  Section  IV,  of  this  report  reveals  that  the  adi¬ 
abatic  process  holds  several  attractive  advantages.  However, 
certain  disad.vantages  along  wi.th  the  inclusion  of  several 
new  features  have  led  to  the  selection  of  the  non-adiabatic 
reforming  process. 
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A  disadvantage  of  the  adiabatic  scheme  is  that  since  the 
reaction  is  endothermic  the  gas  must  be  at  an  elevated 
temperature  (lAQO**?.)  as  it  enters  the  reforming  catalyst. 

At  this  temperature  the  catalyst  may  not  perform  as  it  is 
intended  and  undesirable  side  reactions  may  result.  For 
instance,  the  reaction  of  hydrogen  with  carbon  o^cides 
to  produce  methane  is  relatively  rapid  at  elevated  temp- 
erat Tires#  The  question  of  the  selectivity  and  life  of  the 
catalyst  at  these  tonperatures  is  not  known.  The  elevated 
temperature  for  the  adiabatic  reforming  may  result  from 
either  preheating  or  addition  of  oxygen  directly  to  the 
process  stream  with  subsequent  partial  combustion.  If 
oxygen  addition  is  considered,  the  above  mentioned  dis¬ 
advantage  can  be  alleviated  by  staging  the  operation. 

Several  catalyst  beds  would  be  used  and  part  of  the 
oxygen  would  be  added  at  each  so  that  the  maximtun  teraper- 
atTire  developed  would  be  held  to  predeteminedlimits. 

Catalysts  are  available  to  make  such  a  scheme  workable 
but  the  equipment  and  instrumentation  tends  to  become 
complicated#  Likewise,  if  an  adiabatic  system  using  pre¬ 
heating  were  to  be  carried  out  in  stages  the  equipment 
would  become  bulky  and  complicated# 

A  further  disadvantage  of  an  adiabatic  process  using  partial 
combustion  of  the  process  material  to  supply  the  reaction 
heat  requirements  is  that  the  carbon  dioxide  and  water 
vapor  thus  produced  remain  in  the  process  stream  and  re¬ 
duce  the  hydrogen  partial  pressure#  In  the  process  selected 
the  raw  hydrogen  stream  goes  directly  to  the  palladiiun  dif¬ 
fusion  cells#  The  lower  hydrogen  pai'tial  pressure  increases 
the  number  of  palladium  cells  required#  This  was  illustrated 
in  Fig ,17-0-2,  where.it  is  shown  that  the  number  of  ceils 
required  increases  as  the  araoTint  of  impurities  in  the  raw 
stream  increases. 

An  advantage  that  is  usually  claimed  for  adiabatic  reactions 
is  that  no  space  allowance  need  be  made  for  heat  transfer 
surface#  In  this  particular  system  the  vaporizing  and 
heating  up  to  700 ®F#  of  the  reactants  amounts  to  approxi¬ 
mately  70^  and  the  heat  duty  for  the  reaction  is  approxi¬ 
mately  30^*  Since  the  reaction  heat  requirement  is  relatively 
small,  the  advantage  gained  by  an  adiabatic  system  by  elimi¬ 
nating  heat  exchange  surface  for  this  duty  is  also  relatively 
small. 

In  the  design  selected,  the  heat  is  added  to  the  process 
stream  more  or  less  continuously  from  the  point  of  feed 
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introduction  to  the  completion  of  the  reforming  reactions# 
By  this  scheme,  the  methanol  burned  as  fuel,  first  gives 
up  heat  to  vaporizing  and  superheating  the  feed,  and  then 
gives  up  heat  to  the  reaction  as  it  progresses#  The  hot 
flue  gas  stream  passes  through  the  inner  tubes  of  the  re¬ 
actor  so  the  outside  of  the  reactor  gets  no  hotter  than 
the  process  stream#  At  no  point  in  the  process  is  the  pro¬ 
cess  stream  heated  much  above  700  or  800*Fo  This  is  de¬ 
sirable  from  the  mechanical  design  point  of  view  and  also 
reduces  the  need  for  high  temperature  insulation#  As 
pointed  out  previously  the  desired  reactions  are  favored 
by  temperatures  in  the  region  of  700 ®F# 

3#  Selection  of  Concentric  Tube  Design 

The  selection  of  a  non-adiabatic  process  requires  that  a 
reactor  be  designed  to  contain  the  required  amount  of  cata¬ 
lyst  and  provide  for  adequate  heat  transfer  from  the  hot 
flue  gas  to  the  reacting  gases#  In  addition,  a  featxire 
not  ordinarily  required  in  this  type  reactor,  is  that  both 
the  process  and  the  flue  gas  streams  are  to  be  at  high 
pressure  (about  400  -  450  psig#)# 

The  usual  non-adiabatic  reactor  or  refoimer  for  hydrogen 
production  comprises  a  rectangular  fire  brick  lined  com¬ 
bustion  chamber  through  which  passes  the  required  number 
of  catalyst  filled  tubes#  The  length  and  diameter  of  the 
tubes  are  adjusted  to  give  the  desired  balance  of  heat 
transfer  area  and  reaction  space  velocity  consistent  with 
the  required  process  operating  pressure#  The  tubes  are 
usually  2  to  8  inches  in  diameter  so  that  the  maximum  heat 
transfer  distance  is  small  and  good  control  of  the  reaction 
is  possible# 

The  disadvantage  of  this  type  reformer  lies  in  the  neces¬ 
sity  for  designing  the  combustion  chamber  for  400  psig# 
Consideration  of  this  problem  led  to  the  possible  use  of 
a  shell  and  tube  heat  exchanger  design#  The  exchanger 
would  be  a  fixed  tube  sheet  design  with  expansion  allow¬ 
ance  in  the  shell#  The  catalyst  was  to  be  contained  in 
the  tubes  and  the  hot  gases  were  to  flow  through  the  shell# 
Such  a  design  along  with  the  alternate  of  putting  the  hot 
gases  in  the  tube  and  the  catalyst  in  the  shell  held  pos¬ 
sibilities  but  the  design  for  the  expansion  in  the  shell 
due  to  the  hot  flue  gases  (about  1600®F#  inlet)  became  cum¬ 
bersome# 
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A  further  modification  of  the  shell  and  tube  design  was 
to  use  a  double  pipe  arrangement  or  concentric  tubes  e 
In  this  design  the  catalyst  is  to  be  in  the  annulus  and 
the  hot  gases  will  flow  through  the  center©  The  ex¬ 
pansion  will  be  taken  in  the  shell  but  in  this  case  the 
metal  temperature  will  be  approximately  700®Fo  or  nearly 
the  same  as  the  reaction  temperature©  Under  these  con¬ 
ditions  the  mechanical  design  becomes  reasonable© 

In  the  proposed  design  it  is  planned  to  run  the  flue  gas 
countercurrent  to  the  process  gas  flow©  The  flue  gas 
will  enter  at  about  1600®? ©  and  leave  at  about  800 ®F© 

The  process  feed  will  enter  at  700 ®Fo  and  the  products 
will  leave  at  about  700®Fo  The  advantage  gained  is  that 
the  hot  flue  gas  will  not  be  in  themal  contact  with  the 
methanol  feed,  and  the  possibility  of  thermal  cracking  is 
eliminated© 

The  proposed  reactor  is  made  up  of  an  inner  pipe  2  inches 
in  diameter  and  an  outer  pipe  4  inches  in  diameter  with 
approximately  10  feet  6  inches  of  catalyst©  Multiple 
units  would  be  required  for  the  plant  under  consideration© 
An  important  advantage  for  this  design  over  others  con¬ 
sidered  is  that  the  reactor  tubes  can  be  arranged  in  a 
variety  of  ways  to  suit  the  space-shape  available© 

It  is  proposed  that  the  reactor  tubes  and  the  manifolding 
be  enclosed  in  an  insxxlated  box,  possibly  comprising  a 
thin  walled  chamber  with  the  interior  filled  with  a  granu¬ 
lated  insulation©  Such  a  reactor  unit  should  have  low 
heat  loss  and  should  be  very  resistant  to  shock© 

Ease  of  scale-up  of  the  design  capacity  is  another  ad¬ 
vantage  of  the  proposed  design©  More  units  could  be 
added  to  the  system  without  major  modifications  to  the 
layout©  If  valves  are  provided,  capacity  control  could 
be  exercised  by  altering  the  nvimber  of  tubes  on-stream© 
Tubes  that  are  off-stream  are  maintained  at  operating 
temperature  and  could  be  started  quickly© 

As  stated  previously,  the  raw  hydrogen  gas  flows  from  the 
reactor  directly  to  the  palladi\mi  cells©  Eight  palladiimi 
cells  are  required  to  handle  the  raw  hydrogen  product  from 
each  concentric  tube  reactor©  It  is  fortuitous  that  the 
optimum  operating  temperature  level  of  the  palladium  cells 
is  600  to  800®Fo  While  it  is  not  necessary  to  add  heat  to 
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the  palladium  cells,  it  is  necessary  to  maintain  them 
at  operating  temperature®  It  was  logical  to  propose 
coupling  eight  palladium  tubes  arranged  in  a  circle 
about  a  reactor  tube  and  enclosing  the  whole  unit  in 
the  insulated  box.  This  resiilts  in  considerable  space 
savings  and  is  a  distinct  advantage  for  the  proposed 
design# 

4#  Selection  of  Palladium  Diffusion  Purification 

The  raw  hydrogen  gas  from  the  reactor  tubes  will  con¬ 
tain  approximately  55^  hydrogen,  16%  carbon  dioxide, 

25%  water  vapor,  U%  carbon  monoxide  with  anall  amounts 
of  methane,  and  methanol#  A  number  of  processes  were 
reviewed  for  the  purification  of  this  gas  and  these 
were  discussed  in  Section  IV  of  this  report# 

The  most  common  purification  scheme  would  be  the  use  of 
cooling  to  remove  water  vapor,  and  unveacted  methanol 
scrubbing  with  monoethanolamine  or  hot  carbonate  to  re¬ 
move  carbon  dioxide  and  methanation  to  convert  the 
carbon  monoxide  and  residual  carbon  dioxide  to  methane# 

The  final  product  would  be  hydrogen  containing  approxi¬ 
mately  5%  methane  and  less  than  10  ppm  carbon  oxides# 

This  gas  would  be  satisfactory  for  fuel  cell  operation 
although  higher  jjurity  is  desirable#  A  process  based 
on  amine  scinibbing  has  many  advantages  including  the 
fact  that  wide  experience  has  been  gained  on  this 
process  in  actual  submarine  operation#  However,  the 
process  requires  too  much  space,  too  many  pieces  of 
equipment,  is  subject  to  upset  when  not  perfectly 
level  and  woTild  have  an  inventory  of  hydrogen  in  excess  of 
the  volume  allowed '.on  board  the  submarine#  For  these 
and  other  reasons  the  process  was  not  selected  for  this 
service# 

The  use  of  moleciilar  sieves  or  other  adsorbent  material 
at  low  temperature  for  removal  of  carbon  dioxide  in  place 
of  the  amine  scrubbing  process  was  considered#  This 
sclime  eliminates  circulating  liquids  and  reduces  the  in- 
ventoiy  of  hydrogen  but  involves  considerable  equipment# 
Also,  it  requires  alternate  use  and  regeneration  of  both 
a  desiccant  bed  and  the  molecular  sieve#  This  is  a  dis¬ 
advantage  since  it  would  require  intermittent  venting 
of  the  off-gases#  The  low  temperature  process  requires 
the  use  of  close  approach  exchangers  between  incoming 
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and  outgoing  streams#  Such  a  system  is  not  adaptable  to 
rapid  changes  in  rate  as  are  required  for  the  submarine 
service# 

The  use  of  low  temperature  methanol  scrubbing  for  carbon 
dioxide  removal  was  considered#  The  process  has  a  nvunber 
of  attractive  features  such  as  the  use  of  methanol  as 
the  scrubbing  medivu ,,  thereby  eliminating  the  need  of 
other  chemicals,  and  low  energy  consumption  due  to  the 
use  of  liquid  oxygen  as  the  collant#  However,  the  process 
has  the  disadvantages  of  liquid  scrubbing  and  low  temper¬ 
ature  systems  as  noted  above# 

The  use  of  palladium  diffusion  was  the  other  scheme  con- 
ddered  and  was  the  one  selected#  A  variety  of  reasons 
for  this  selection  are  apparent#  The  diffusion  cells 
differ  from  the  other  systems  considered  in  that  a  piire 
hydrogen  stream  is  produced  whereas  the  other  schemes 
produced  95^  hydrogen#  The  palladitun  cells  involve  no 
chemicals  or  fluids,  are  not  subject  to  corrosion,  require 
no  auxiliazy  pumps  or  heat  exchangers  during  nomal  oper¬ 
ation,  are  perfectly  quiet,  produce  no  troublesome  wastes, 
require  no  extra  utilities,  involve  no  excessive  temper¬ 
atures  or  pressures,  operate  at  the  same  temperature  as 
the  reforming  reactors,  may  be  operated  at  any  angle,  give 
instantaneous  response,  may  be  operated  over  an  extreme 
range  of  through-put  always  yielding  a  pure  product#  In 
addition,  the  cells  are  not  subject  to  poisoning  by  the 
gases  encountered  in  this  process  and  they  should  give 
a  long  service  life# 

The  diffusion  of  hydrogen  through  palladium  is  directly 
proportional  to  the  partial  pressiire  driving  force  of 
hydrogen#  The  presence  of  water  vapor  or  carbon  dioxide 
in  the  raw  gas  has  no  detrimental  effect  on  the  diffusion 
process  other  than  as  a  diluent#  Consideration  was  given 
to  operation  of  the  palladium  cells  with  and  without  prior 
removal  of  the  carbon  dioxide  and/or  water  vapor#  Reasons 
for  not  removing  carbon  dioxide  by  any  scheme  other  than 
the  palladium  cells  have  been  adequately  covered  above# 

Since  water  vapor  constitutes  about  25%  of  the  raw  gas  stream 
from  the  reforming  reactors,  a  reduction  of  about  one-third 
in  the  number  of  palladium  cells  could  result  by  water  re¬ 
moval#  The  gas  stream  would  liave  to  be  cooled  to  condense 
the  water  and  then  reheated  to  the  operating  temperature 
of  the  palladium  cells#  The  gas  cooling  and  reheating  would 
be  done  in  a  gas  to  gas  heat  exchanger  and  the  final  cooling 
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and  condensing  would  be  done  with  cooling  water.  There 
would  be  a  considerable  cost  savings  in  this  scheme. 

However,  the  added  space  requirements  and  the  operational 
lag  in  the  heat  exchangers  ruled  out  water  removal  for 
this  system. 

Pressure  Level  of  Operation 

In  the  proposed  design  the  process  stream  is  vaporized 
and  reacted,  and  flows  to  the  palladium  diffusion  cells 
at  pressures  of  425  to  430  psig.  The  ptirified  hydrogen 
flows  from  the  palladium  cells  at  5  to  10  psig  and  finally 
to  the  fuel  cells  at  1  to  2  psig.  The  combustion  in  the 
vaporizer  takes  place  at  350  to  400  psig  and  the  flue 
gases  flow  on  through  the  concentric  tube  reactors,  the 
liquid  feed  preheater  and  flue  gas  cooler  at  this  pressure. 

On  the  process  side  a  number  of  advantages  are  gained 
by  high  pressure  operation.  The  rate  of  diffusion  of 
hydrogen  through  the  palladium  is  favored  by  the  increased 
l^rogen  partial,  pressure  driving  force.  Higher  pressure 
operation  makes  possible  a  higher  space  velocity  through 
the  reforming  catalyst.  Also,  the  higher  pressure  results 
in  smaller  and  more  compact  equipment. 

From  a  process  heating  standpoint,  the  combustion  could 
have  been  carried  out  at  atmospheric  pressure.  However, 
the  necessity  of  disposing  of  the  carbon  dioxide  produced 
in  the  fuel  and  purge  gas  combustion  indicated  an  advantage 
for  the  high  pressure  operation.  Two  methods  of  carbon 
dioxide  disposal  exist.  It  can  either  be  liquified  and 
stored  under  pressure  using  liquid  oxygen  refrigeration 
or  it  can  be  expelled  from  the  submarine  at  a  pressure 
in  excess  of  the  submergence  pressure.  Either  method 
would  require  the  carbon  dioxide  under  elevated  pressxire. 

It  was  considered  more  desirable  to  pump  the  fuel  to  the 
high  pressure  and  design  for  the  high  pressure  flue  gas 
then  to  provide  a  compressor.  The  carbon  dioxide  rate 
will  vary  widely  and  compressor  design  and  control  could 
be  very  difficult.  Also,  the  pump  should  be  quieter  in 
operation  then  a  compressor. 

6.  Oxygen  Addition  for  Process  Assist 

One  of  the  most  impxDrtant  requirements  of  the  hydrogen 
production  unit  for  submarine  operation  is  an  ability 
to  increase  the  rate  rapidly.  Under  proper  computer 
control,  signals  can  be  transmitted  to  the  various  pumps 
and  control  instrument  almost  instantaneously  upon  receiving 
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a  command  for  an  increase  in  rate*  It  has  already  been 
pointed  out  that  the  palladim  diffusion  cells  will  re¬ 
spond  quickly  to  a  change  of  rate#  Likewise,  the  re¬ 
forming  catalyst  is  capable  of  handling  a  sudden  increase 
in  rate  provided  the  heat  requirements  are  satisfied# 

The  slowest  response  would  be  expected  from  the  vaporizer# 
Even  though  the  fuel  rate  is  increased  this  unit  will 
tend  to  lag  due  to  the  heat  capacity  of  the  vessel  and 
insulation# 

It  is  expected  that,  as  the  result  of  a  command  to  in¬ 
crease  rate,  the  vaporized  feed  to  the  reformer  would 
drop  in  temperature#  Likewise,  there  would  be  insuf¬ 
ficient  heat  in  the  catalyst  and  the  net  production  of 
hyxirogen  would  not  increase  immediately#  The  inability 
to  transfer  heat  into  the  process  stream,  therefore, 
limits  the  rate  of  increasing  hydrogen  production#  For 
this  reason,  it  was  considered  desirable  to  introduce 
oxygen  directly  into  the  process  stream  just  ahead  of 
the  reformer#  At  this  point  a  catalytic  partial  com¬ 
bustion  would  take  place  supplying  the  required  heat 
for  reforming  at  the  increased  rate#  As  the  heat  sup¬ 
plied  from  fuel  combustion  increases  the  oxygen  injec¬ 
tion  would  be  cut  back#  This  scheme  may  also  be  used 
to  extend  the  capacity  of  the  unit  beyond  the  normal 
design  capacity# 

With  this  scheme  the  catalyst  is  required  to  promote 
a  number  of  reactions  simultaneously  -  oxidation,  de¬ 
composition  of  methanol  and  water  gas  shift  reaction# 

An  indirect  approach  would  be  to  combine  the  oxygen 
with  a  portion  of  the  feed  stream  in  such  a  ratio  that 
the  burning  reaction  would  proceed  non  catalytically 
and  then  combine  the  hot  product  gases  with  the  re¬ 
mainder  of  the  feed  and  proceed  with  the  reforming  re¬ 
actors#  However, there  is  reason  to  believe  that  all 

the  reactions  can  be  carried  out  catalytically  on  a 
common  reactor  with  either  a  single  multipurpose  cata¬ 
lyst  or  a  multibed  arrangement  of  different  catalysts# 

This  would  result  in  a  simpler  and  more  flexible  system# 
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7o  Discussion  of  Flow  Diagran 

The  process  flow  diagram  for  the  hydrogen  plant  is  shown 
on  Figure  No#  V-A-lo  The  equipnent  consists  essentially 
of  an  aqueous  methanol  feeding  system,  a  feed  preheater 
and  vaporizer  and  a  refoimer  or  catalytic  reactor  in 
which  crude  hydrogen  is  produced  by  the  chemical  reaction 
of  methanol  vapor  and  water  vapor  at  moderately  elevated 
temperatures,  (700®Fo,  425  Psigo)#  This  is  followed  by  pal¬ 
ladium  diffusion  purification,  a  guard  methanation  cham¬ 
ber  and  a  gas  saturator# 

The  commercially  pure  methanol,  approximately  99^  CH3OH, 
flows  from  storage  to  the  suction  of  a  metering  feed  pump 
of  the  reciprocating  type#  The  piunp  has  provision  for 
varying  the  stroke  and  also  has  a  variable  speed  drive  to 
accommodate  the  wide  range  of  turndown  from  maximum 
capacity  to  minimum  capacityo  Process  condensate  or 
mineral-free  water  flows  from  storage  to  the  suction  of 
a  similar  metering  feed  pump  also  provided  with  variable 
stroke  and  variable  speed  drive# 

The  primary  control  of  the  rate  of  hydrogen  production  at 
constant  reaction  conditions  of  temperature  and  pressure 
is  the  speed  of  the  process  methanol  and  condensate  pumps 
which  is  regulated  by  a  signal  from  the  main  computer  con¬ 
trol  center  which  governs  the  pump  drive  speed#  In  the 
event  of  a  failure  in  the  control  center,  the  pump  speed 
can  be  controlled  by  a  manual  loading  station# 

Process  methanol  and  condensate  feed  pumps  of  ciirrently 
available  designs  are  believed  to  be  adaptable  to  the 
service  of  the  hydrogen  generator  with  suitable  modifi¬ 
cations  to  meet  noise  and  shock  test  reqxiironentso  The 
variable  speed  drive  may  be  developed  on  the  principle  of 
purely  electrical  control  such  as  by  direct  current  motor 
drives  or  on  the  principle  of  hydraulic  drive  transmission 
and  control# 

The  streams  of  liquid  methanol  and  condensate  discharged 
from  the  feed  pumps  merge  and  flow  to  a  methanol  feed  pre¬ 
heater  of  conventional  shell  and  tube  exchanger  design# 

The  aqueous  methanol  flowing  within  the  tubes  is  heated 
by  exchange  with  hot  flue  gas  flowing  in  the  shell  -side# 

The  tubes,  shell  and  miscellaneous  metal  parts  are  type 
304  stainless  steel#  The  aqueous  methanol  is  heated  to 
approximately  350®Fa 
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The  preheated  liquid  flows  to  a  fired  type  shell  and  coil 
type  vapoidzer®  The  vaporizer  consists  of  a  stainless 
steel  coil  mounted  inside  a  stainless  steel  pressure  ves¬ 
sel  provided  with  an  insulating  refractory  lining  and, is 
fitted  with  a  fuel  burner  at  one  end*  The  fuel  consists 
of  purge  gas  from  the  purifier  cell  unit  plus  sufficient 
methanol  to  maintain  prescribed  reactor  temperature  con¬ 
ditions  and  is  completely  burned  with  oxygen  in  the  com¬ 
bustion  chamber  space  to  form  carbon  dioxide  and  water 
vapor*  The  process  feed  stream  of  aqueous  methanol  is 
completely  vaporized  within  the  coil  and  is  superheated 
to  reaction  temperatiure  levels  of  700®F<,  to  SOO^F.  To 
supply  oxygen  for  combustion  of  fuel  in  the  methanol  feed 
vaporizer,  liquid  oxygen  from  the  main  liquid  storage 
flows  to  the  suction  of  a  high  pressure  pump.  This  pump 
is  located  preferably  in  or  near  the  oxygen  storage  ves¬ 
sel  because  of  suction  liquid  conditions.  The  liquid 
oxygen  is  pumped  to  an  oxygen  vaporizer.  The  oxygen 
vaporizer  is  a  double-pipe  heat  exchanger  with  the  rela¬ 
tively  small  quantity  of  heat  reqtiired  for  vaporization 
provided  by  circulating  cooling  water.  The  water  flow  is 
at  high  velocity  and  turbulent  flow  conditions  inside  the 
exchanger  core  pipe  to  prevent  build-up  of  ice  layers  which 
would  form  if  thin  films  of  water  were  allowed  to  be  cooled 
below  the  freezing  point.  The  outer  or  shell-side  pipe, 
and  the -core  or  tube-side  pipe  are  both  constructed  of 
stainless  steel  suitable  for  the  condition  of  low  temper¬ 
ature  (minus  297‘^Fo)  dictated  by  the  liquid  oxygen  supply. 

The  mixture  of  methanol  vapor  and  water  vapor  flows  from 
the  feed  vaporizer  to  one  of  a  group  of  8  reformer  tubes 
arranged  in  parallel  flow®  The  methanol  and  water  react 
in  the  presence  of  a  catalyst  to  form  hydrogen,  carbon 
dioxide  and  minor  reaction  products.  The  refoimer  tubes 
are  each  a  concentric  tube  or  double- pipe  welded  assembly 
with  the  methanol  decomposition  catalyst  packed  within 
the  annular  space  between  the  inner  and  outer  pipes.  The 
hot  flue  gas  from  the  feed  vaporizer  combustion  chamber 
enters  the  bottom  of  the  vertically  arranged  inner  pipe 
at  approximately  1600®?.  and  heat  is  transferred  through 
the  inner  pipe  wall  to  the  catalyst  paiticles  in  the  an¬ 
nular  space®  The  ratio  of  heat  transfer  surface  to  catalyst 
quantity  shall  be  provided  so  that  sufficient  heat  is  trans¬ 
ferred  to  supply  the  endothermic  heat  of  reaction  and  also 
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to  maintain  the  temperature  of  the  reactants  and  products 
at  the  required  temperature  levels  approximately  700®F. 

A  bellows  type  expansion  Joint,  suitable  for  the  temper¬ 
ature  and  pressure  service  conditions  is  installed  between 
the  ends  of  the  outer  pipe  to  accommodate  to  the  difference 
in  expansion  between  the  inner  pipe  at  16C)0®F*  and  the 
outer  pipe  at  700 ®F* 

The  reacting  methanol  and  water  vapor  flow  downward  over 
the  catalyst  particles  which  are  supported  by  a  stainless 
steel  screen  at  the  bottom  of  the  bedo  The  screr:-;  is  held 
by  a  rugged  grid  which  is  welded  to  the  inner  pipto  The 
reaction  products  pass  from  the  annular  space  below  the 
catalyst  support  through  eight  radial  pipe  elbows  welded 
to  the  outer  pipe. 

The  flue  gas  effluent  from  the  methanol  feed  preheater 
passes  to  the  shell  side  of  a  shell  and  tube  exchanger 
type  cooler.  The  gas  is  cooled  to  about  200®F.  by  heat 
exchange  with  the  circulating  coolirig  water  and  most  of 
the  water  vapor  is  condensed.  The  mixture  of  gas  and 
condensate  flows  to  a  separator.  The  separator  is  a  verti¬ 
cal  cylindrical  pressure  vessel  with  nozzle  connections  for 
gas  inlet,  outlet,  water  drain  and  level  control.  The 
cooled  carbon  dioxide  together  with  a  small  amount  of  un¬ 
condensed  water  vaix>r  flows  from  the  top  of  the  vessel  to 
disposal.  The  condensed  water  separated  from  the  gas  stream 
flows  from  the  bottom  of  the  separator  to  the  suction  of 
the  process  condensate  feed  ptamp  and  of  the  fuel  water  in¬ 
jection  pump.  Make-up  water  needed  to  maintain  a  level 
in  the  separator  is  added  to  the  gas  stream  entering  the 
flue  gas  cooler  and  is  regulated  by  a  level  control  switch. 

The  hydrogen  purification  system  consists  essentially  of 
a  group  of  palladium-silver  alloy  diffusion  tubes  arranged 
in  parallel  flow  for  receiving  the  crude  hydrogen  from 
the  reformer  tubes.  The  purified  hydrogen  effluent  from 
the  palladium  diffusion  tubes  contains  virtually  no  con¬ 
taminants  and  is  of  sufficiently  high  purity  for  use  in 
hydrogen-oxygen  fuel  cells.  The  carbon  dioxide,  water 
vapor,  and  minor  amounts  of  carbon  monoxide,  methane  and 
unreacted  methanol,  together  with  a  small  fraction  of  the 
crude  hydrogen  produced  pass  from  the  diffusion  tubes  as 
purge  gas.  The  purge  gas  is  utilized  for  its  heating  value 
in  the  feed  vaporizer  burner. 

The  palladium  alloy  diffusion  tubes  used  in  the  purification 
are  the  J.  Bishop  and  Company  Model  A-71,  modified  slightly 
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at  the  end  connections*  Each  A~71  cell  consists  of  a 
large  nximber  of  palladiiara  alloy  tubes  1/16**  0*Do  with 
a  3  niil  (0*003  inch)  wall  closed  at  one  end*  These 
thin-walled  tubes  are  contained  within  a  heavy-^walled 
stainless  steel  shell  1*66”  0*D*  by  27“3A”  long*  They 
are  all  manifolded  together  within  the  cell  so  that  the 
purified  hydrogen  output  of  all  the  small  tubes  is  com¬ 
bined  and  passes  from  the  cell  in  a  common  exit  line* 

There  are  8  A-71  cells  for  each  of  the  8  reformer  tube 
units,  or  a  total  of  64  cells*  The  end  modifications 
consist  of  substituting  welded  end  connections  for  the 
Parker  flared  fittings  standard  on  the  Bishop  A-71  cell 
design* 

The  advantage  of  welding  the  connections  to  the  palladium 
tube  cells  is  the  improvement  in  strength  and  compactness 
of  the  multiple  cell  assembly. 

In  order  to  protect  the  fuel  cells  from  the  deletrerious 
effect  of  carbon  monoxide  in  case  of  diffusion  tube 
leakage,  a  methanator  guard  chamber  is  provided*  The 
methanator  is  a  vertical  cylindrical  pressure  vessel  con¬ 
taining  me:thanation  catalyst  supported  on  a  screen  held 
on  transverse  bars  near  the  bottom  of  the  vessel*  All  of 
the  metal  parts  of  the  methanator  are  stainless  steel* 

The  hot  purified  hydrogen  from  the  diffusion  tubes  enters 
the  top  of  the  methanation  catalyst  and  flows  downward 
through  the  bed* 

The  pure  hydrogen  effluent  from  the  methanator  flows  to  the 
lower  paart  of  a  direct  contact  cooler-saturator*  The  satu¬ 
rator  is  a  vertical  cylindrical  pressure  vessel  in  which 
a  water  level  is  maintained  at  a  set  range  of  elevation 
above  the  bottom  of  the  vessel*  Vessel  connection  nozzles 
are  provided  for  gas  inlet  and  outlet,  water  inlet,  drain, 
and  level  control* 
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B.  Detailed  Process  Calculations 
!•  Material  and  Heat  Balance 

In  this  section  are  contained  the  detailed  process  calcu¬ 
lations  for  the  material  and  heat  balance  for  the  hydrogen 
generation  system.  The  calculations  au*e  based  on  one  mol 
of  methanol  for  feed#  From  these  basic  calculations  the 
material  and  energy  requirements  for  the  various  production 
rates  are  calculated  by  using  the  appropriate  scale-up 
factors# 
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Hydrogen  Generation  Capacity 


Maximum  rate 
Normal  rate 
Minimum  rate 


70  Ibs/hr 
20  Ibs/hr 
5  Ibs/hr 


Hydrogen  Purity  and  Delivery  Conditions 


Hydrogen  purity 
Pressure 
Tenqperature 
Water  vapor 


essentially  100^ 

1-3  psig 
litO^F 

essentially  saturated 


Raw  Materials  and  Utilities  Available 


35  mols/hr 
10  mols/hr 
2,5  mols/hr 


Methanol  See  specification  in  Section  III-D 

Steam  Condensate  or  demineralized  water  at  10  psig  (min) 
Cooling  water  at  95^^  and  50  psig 
Electrical  power  AC  or  DC 

Basis  for  Process  Calculations  -  1  mol  CH3OH  feed 


Reformer  Operating  Conditions 

The  operating  conditions  picked  for  this  application  are  those  that 
best  integrate  into  the  overall  design  without  deviating  too  far  from 
conditions  that  have  been  previously  tested.  However,  the  overall  com¬ 
bination  of  conditions  should  be  confirmed  by  actual  operation.  Past 
operation  has  covered  the  following  ranges: 


Pressure 
Temperature 
Steam  to  gas  ratio 
Residual  methane 
Methanol  conversion 


0  -  300  psig 

500  -  700*F 

1:1  to  i;sl 

0.5  -  0.8^ 

98  -  100^ 


The  operating  conditions  for  this  application  are  taken  to  be  the  fol¬ 
lowing: 


Pressure 
Temperature 
Steam  to  gas  ratio 
Residual  methane 
Residual  methanol 

Carbon  Monoxide 


li25  psig 
700  V 
2:1 

1.005  V  (of  hydrogen  only) 

100 °F  approach  to  equilibrium  valve 
(Kp^=  2.32  X  105  at  600“F) 

100 “F  approach  to  equilibrium  valve 
(Kill  *9.03  at  800°F) 
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Reformer  Exit  Gas  Composition 
Residual  Methanol 


CH3OH  +  H2O  ^002  +  3H2 
(CO2)  (H2)3  ,  7r^2 


Kp 


(H2O)  '(CH3OH) 

Let  X  *=  methanol  reacted 


(•^)^  «  2.32  X  105  at  600®F 


CH3OH 

H2O 

CO2 

H2 


1- x 

2- x 


Let  X  «  0*996 

jfp  „  (0.996)  (2.988)3  (  30  f 


(O.OOii)  (l.OOU)  (U.992  )  “ 


X 

3x 


3+2x 


Thus,  residual  CH3OH  «  O.OOU  mols/mol  CH3OH  feed 

The  overall  reforming  reaction  can  be  expressed  as  follows s 

CH3OH  +  2*0  H2O  ^  O.OOU  CH3OH  +  0.03  +  qCO  rC02  +  SH2  +  tH20 

where  q  *»  final  mols  of  CO  per  mol  of  CH3OH  feed 

^  is  H  H  ”  GO2  ”  "  ''  ”  " 

g  n  II  it^  1^2  ” 

SS  H  H  H  H2O  "  **  ”  **  ** 

By  overall  carbon  balance  1  «  O.OOU  +  O.O3O  +  q  +  r 

r  «  0.966  -  q 

By  overall  oxygen  balance  1  +  2  «  O.OOU  +  q  +  2r  +  t 

2.996  =  +  q  +  2(0.996  -  q)  +  t 
t  “  l.-OdU  +  q 

By  overall  hydrogen  balance  2  +  2  «  0.008  +  O.O6O  +  s  +  t 

3*932  «  s  +  1.06U  +  q 
s  «  2.868  -  q 

Gas  composition  is  computod  from  water  gas  shift  at  800*F 

%II  ”  ^^2  ^  ^2  ^  (0*996  -  q)  (2.868  ^  ^  9,03  at  800*F 

CO  X  H2O  (q)  (1.06U  +  q) 

Let  q  0.185 

«  (0.781)  (2.683)  ^  n 


The  exit  gas  composition  from  the  methanol  reformer  is: 

CO  0.185  Mol s/mol  of  CH3OH  feed 

GO2  0.781  « 

H2  2.683  " 

HoO  1.22:9  " 

CH3OH  0.001:  » 

0%  0.030  " 

1:.932  " 

Reformer  Duty 

Absolute  enthalpy  of  reactants  preheated  to  700“F 

CH3OH  1.000  X  -68,258  =  -68,258  Btu/mol  of  CH3OH  feed 

H2O  2.000  X  -93»303  ° -^6,606  “ 

Absolute  enthalpy  of  products  at  700 “F 


CO 

0.185 

X 

-1:0,803 

=  -7,51:9 

Btu/mol  of  CHqOK  feed 

C02 

0.781 

X 

-158,651 

=  -123,906 

II 

H2 

2.683 

X 

7,991 

»  -21,10:0 

II 

H2O 

1.21:9 

X 

-93,303 

«  -116,535 

u 

CH3CH 

O.OOl: 

X 

-68,258 

“  -273 

t» 

CHI; 

0.030 

X 

-17,765 

-  -533 

Iff 

i:.932  -227,356 


Reformer  duty  =  (-227,356)  -  (-251:, 861:)  =  +27,508  Btu/mol  of  GH3OH  feed 

Aqueous  Methanol  Feed  Preheater  Duty 

Preheat  reformer  feed  to  350‘’F 
Methanol  in  storage  at  60“F 

Condensate  recycled  from  flue  gas  cooler  at  200 “F 

CH3OH  32  lbs  X  (232.9  -  16.0)  =  6,91:0  Btu/mol  of  CH3OH  feed 

H26  36  lbs  X  (321.6  -  168.0)  =  5,530  « 

12,1:70  » 

Aqueous  Methanol  Feed  Vaporizer  Duty 

Preheat,  vaporize  and  superheat  reformer  feed  to  700®F 
The  boiling  point  is  approximately  1;20'’F 
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Preheat  duty 

CH3OH  32  lbs  X 

36  lbs  X 

Vaporizing  duty 

CH3OH  32  lbs  X 

H2O  36  lbs  X 

Superheating  duty 

CH3OH  32  lbs  X 

H2O  36  lbs  X 


(291.0  -  232,9)  =  1,860  Btu/mol  CH3OH  feed 
(396,8  -  321,6)  «  2,710  " 

U.570  " 


(513«0  -  291.0)  «  7,100  Btu/mol  CH3OH  feed 

(1203.1  -  396.8)  ”29,030  “ 

36,130  « 


(6U7.8  -  513.0)  «  U53IO  Btu/mol  of  CK3OH  feed 

(1368.3  -  1203.1)”  5,950  " 


10,260 


Reformer  feed  vaporizer  duty  ”  50,960  Btu/mol  of  CK3OH  feed 


Purge  Gas  Combustion 

The  palladium-silver  alloy  hydrogen  diffusion  cells  are  to  be  sized  to 
recover  92^  of  the  hydrogen  in  the  reformer  exit  gas.  The  purge  gas 
from  the  diffusion  cell  and  the  oxygen  required  for  combustion  aret 


Purge  Gas 

+ 

Oxygen 

C02  + 

H20 

CO 

0.185 

+ 

O0O925  - ) 

0.185 

C02 

0.781 

+ 

_ ^ 

0.781 

H2 

0,215 

+ 

0.1075  - > 

0.215 

H2O 

1.2U9 

_ ^ 

1.2U9 

CH3OH 

O.OOU 

+ 

0.0060  — > 

O.OOU  + 

0.008 

CHii 

0.030 

+ 

0.0600  - ^ 

0.030  + 

0.060 

2.I16U 

0.2660 

1.000 

1.532 

Heat  recovered  when  burning  this  gas  at  700®F  and  cooling  flue  gas  to 
800®F  Oxygen  taken  at  60®F 
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Absolute  eathalpy  of  reactants 
Purge  Gas  at  700*^F 


CO 

0.185 

X 

-  Ii0,803 

-  7,5i;9 

Btu/mol  of 

002 

0.781 

X 

-158,651 

-123,906 

It 

H2 

0.215 

X 

7,991 

1,718 

If 

H2O 

l.?it9 

X 

-  93,303 

-116,535 

11 

CH3CH 

O.OOli 

X 

-  68,258  = 

273 

If 

c% 

0.030 

X 

-  17,765 

533 

It 

2.i;6h 

-2li7,078 

It 

Oxygen 

at  60°F 

02 

0.266 

X 

3,607 

959 

It 

-2ii6,119 

H 

Absolute  enthalpy  of  products  at  800“F 

C02 

1.000 

X 

-I57,li80 

-157,1480 

11 

H20 

1.532 

X 

-  92,1407 

-1141,568 

n 

2.532 

-299,0148 

It 

Heat  recoverable  from  burning  purge  gas  with  oxygen  «  (-299>Ol;8)  -  (-2li6ill9) 

••52,929  3tu/mol  of  CH3OH  feed 

Methanol  Water  Combustion 


Heat  release  required  for  refoming  «  273508  Btu/mol  of  CH3OH  feed 
**  vaporizer  «  50,960  ” 

"  heat  loss  *=  1;,  286  ** 


82,75ii  ” 

Heat  recoverable  from  purge  gas  *=  52,929  " 

Heat  required  from  burning  methanol  «  29,825  ” 

Since  the  response  to  preheating  and  vaporizing  aqueous  methanol  from 
its  own  flue  gas  would  be  slow,  bum  the  liquid  mixture  with  oxygen. 

Check  flame  temperature  of  h»5  to  1.0  mol  ratio  of  water  to  methanol. 

CH3OH  +  1.5  O2  +  h.5  H2O  - >  CO2  +  6.5  H2O 
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Absolute  enthalpy  of  reactants 


CH3OH  at  60“?  1,0  X  -  93>hOh  =  -  93ji*Oit  Btu/mol  of  CH3OH  burned 

O2  at  60°F  1,5  X  3>607  -  5,iill  " 

H2O  at  200°F  ^  X  -115»155  =  -518.198  " 

7.0  -606.191  " 

Absolute  enthalpy  of  products  at  2700“? 

CO 2  1.0  X  -131,980  =  -131,980  " 

H2O  6.5  X  -  72,680  ==  -it72,[t20  " 

-60li,i;00  ” 


Adiabatic  flame  temperature  is  slightly  above  27O0“F 

Absolute  enthalpy  of  products  at  8C0“F 

C02  1.0  X  -I57>h80  >=  -I57,li80  ' 

H2O  6.5  X  -  92,ii07  =  -600,6ia6  ' 

-758,126 


Heat  recovered  from  burning  one  mol  of  methanol  and  cooling  flue  gas 
to  80C“F  =  (-758,126)  -  (-606,191)  =  l5l,935  Btu/mol  of  CH3OH  burned 


Kols  methanol  burned  per  mol  of  methanol  feed 


29,825 

1^1,93^ 


-  0.196 


Heat  Recovery  from  Combined  Flue  Gases 
Absolute  enthalpy  of  reactants 

2.1i61i  purge  gas  +  0.266  O2  - >  i.ooo  CO2  +  1.532  H2O 

0.196  CH3OH  0.29h  O2  +  0.882  H2O  - y  0.196  CO2  +  1.274  H2O 

0.560  1.196  CO2  +  2.806  H2O 

Purge  gas  =  -246,119  Btu/mol  of  CH3OH  feed 

Methanol  feed  mixture  *■  -118 , 813  " 

-364,932  " 

Absolute  enthalpy  of  products  at  2600“F 

CO2  1.196  x  -133,420  -  -159,570  Btu/mol  CH3OH  feed 
H2O  2.806  X  -  73,800  =  -207,082  « 


Also  at  1600 °f 


CO2  1.196  X  -lit?, 317  ■=  -176,191  Btu/mol  CH3CH  feed 
H2O  2. 806  X  -  8ii,  691  =  -237,613  '' 

-ia3,83lt 

Also  at  800 “F 

C02  1.196  X  -I57,it80  =  -I88,3i*6  « 

H2O  2.806  X  -  92,it07  ■=  -2g9,29it  " 

-Iii4.7,61t0  ” 

Also  at  ItOO^F 

CO2  1.196  =  -161,968  =  -193,71it  ” 

H2O  2.806  =  -  95,885  =  -269,053  " 

-ii62,767  " 

Also  at  300“F 

CO2  1.196  X  -162,997  =  -19ii,9lilt  '• 

H2O  2.806  X  -  96,717  =  -271,388  « 

H20(J^  2.525  X  -  16,382  =  -  itl,365  " 

-507,697  “ 

Uncondensed  water  vapor  at  300‘’F  and  350  psig 

H20  «  1.196  X  3^2;.7^1V.'0  ^  07^57  “ 


Uncondensed  water  vapor  at  200‘’F  and  350  psig 


H2O 

»  1.196  X 

11.5 

1 

■  —  m 

0.039  mols 

36it.7  - 

11.5  K 

.99 

Keat  removal 

to 

cool  products  from 

0 

0 

0 

200"F 

CO2 

1.196 

X 

9.3  X  (300 

-  200) 

=  1,112 

Btu/mol  CH3OH  feed 

H2O 

0.281 

X 

8.1  X  (300 

-  200) 

“  228 

» 

H20(jJ) 

0.2lt2 

X 

17,602 

“  4,260 

It 

H2O 

2.525 

X 

18  X  (300  - 

■  200) 

”  4,545 

II 

10,145 

II 
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Temperature-^eat  recovered  from  flue  gas 


26ii0 

2600 

1600 

800 

iiOO 

300 

200 


0 

1,983 

1*9,165 

82,971 

98,098 

11a3,028 

153,173 


Adiabatic  flame  temperature 
Btu/mol  of  CH^OH  feed 
» 
tt 

”  (Dew  Point) 

n 

w 


Palladium  Silver  Alloy  Hyd3X)gen  Diffusion  Cell 

Inlet  Ho  concentration  «  x  100  «  Shmh% 

1.932 


Hydrogen  recovered  «  2.683  x  0.92  «  2*li68  mol/mol  of  CH3OH  feed 
Hydrogen  concentration  in  purge  gas  ”  2.683  2.U68  ^  ^qq  ^  8.7^ 

li.932  -  2#  1+68 

Average  H2  concentration  in  feed  «  31*5^ 


Direct  Contact  Cooler  Saturation 


Hydrogen  feed  -  2*ii68  mols/mol  of  GH3OH  feed 
Inlet  temperature  «  700 ®F 
Exit  temperature  «  li|0®F 

Condensate  from  hydrogen -oxygen  fuel  cell  at  ll;0^F 

Condensate  vaporized  »  2.U63  x  (7991  -  1;079)  «  0.529  mols/mol  of  CHqOH  feed 

18  X  lOlh.l 

Hydrogen  is  saturated  at  lhO®F  and  1.5  psig 
%  saturated  at  0  psig  =  x  x  100  =  9056 

Temperature  at  which  H2  is  saturated  at  0  psig  «  136*F 


Flue  Gas  Cooler  Duty 

153,173  -  12,li70  -  82,75ii  -  57,9Ji9  Btu/mol  GH3OH  feed 
Water  Balance 


Water  in  reformer  feed 
Water  in  reformer  fuel 
Water  to  saturate  product 


2.000  mols/mol  of  CH3CH  feed 

0.882  w 

0.529  M 

3.1ill  M 
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Water  condensed  in  cooler 
Water  out  in  product  H2 

Water  make-up 


2o767  mols/mol  of  CH3OH  feed 
0o529  ” 

3o296  « 

O0II5  « 


Oxygen  Vaporizer  Duty 

Oxygen  flow  5:  0»560  mols/mol  of  CHoOH  feed 
Inlet  temperature  and  enthalpy  -297o6®F 
Liquid  at  boiling  point  (465  psig)  =  -202°F 
Vapor  at  ”  «  "  «  -  -202®F 

Outlet  temperature  -  60®F 


290  Btu/mol 

1640  « 
3250  " 
5630  ” 


Oxygen  vaporizer  duty  s  0*560  (563O  -  290)  s  2990  Btu/mol  CH^OH  feed 
Scale-up  Factor 


Hydrogen  produced  per  mol  methanol  feed  =  2*468  mols 
Maximum  hydrogen  rate  35«0  mols/hr 


Scale-up  factor  -  35*00  14ol8l5 

2.468 

Material  Balance  at  Maximum  Production  Rate  (Pound  Mols/Hr) 


1 

2 

3 

4 

5 

6 

Methanol 

Water 

Reformer 

Dry 

Purge 

Oxygen 

Feed 

Feed 

Effluent 

Ifydrogen 

Gas 

CO 

2.62 

2.62 

co- 

110O8 

11.08 

Ha 

38.05 

35.00 

3.05 

H20 

28.36 

17.71 

17.71 

CH3OH 

14.18 

0.06 

0.06 

CH4 

0.43 

0.43 

02 

7.94 

Total 

U0I8 

28.36 

59:95 

35.00 

34:95 

335 

Pres,  psig 

450 

450 

425 

15 

415 

450 

Ten^)*  OF 

60 

200 

700 

700 

700 

60 

gpm 

1.15 

I0O2 

7 

8 

9 

10 

11 

Fuel 

Flue 

Condensate 

Product 

Condensate 

Gas 

Hydrogen 

Makeup 

CO- 

16.96 

\ 

35.00 

HpO 

12.51 

39,79 

7.50 

7.50 

1.63 

‘"H3OH 

Total 

2.78 

15.29 

56.75 

7*50 

42*50 

1.63 

Pres,  psig 

450 

360 

10 

1-2 

360 

TeD^*  OF 

800 

140 

140 

140 

gpm 

Oo27 

0.06 
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Heat  Transfer  Duties 


Aqueous  Methanol  Feed  Preheater 

Aqueous  Methanol  Feed  Vaporizer 

Refomer 

Flue  Gas  Cooler 

Oxygen  Vaporizer 


=  176,800  Btu/hr 
=  722,700  «* 

=  390,100  •• 

=  821,700  " 

=  42,400  ” 


Electrical  Power  Requirements 


lA  Process  Methanol  Feed  Pump 

BHP  =  1.15  X  450  =  0.41  (kw  =  0.41  x  0.746  =  0.38) 
1714  X  0.75  0.80 


IB  Process  Condensate  Feed  Pump 

BHP  =  1.02  X  450  =  0.36  (kw  =  0.34) 
1714  X  0.75 

2A  Fuel  Methanol  Feed  Pump 

BHP  =  0.23  X  450  =  0.08  (kw  =  0.08) 

1714  X  0.75 

2B  Fuel  Water  Injection  Pump 

BHP  0.45  X  450  0.I6  (kw  =  0.15) 

1714  X  0.75 

3  Condensate  Makeup  Pump 

BHP  =  0.06  X  360  =  0.03  (kw  =  0.03) 
1714  X  0.50 

4  Oxygen  Pump 

BHP  ==  0.45  X  450  =  0.24  (kw  =  0.24) 

1714  X  0.50 


Power  requirements  at  maximum  rate  =  1.22  kw 


Raw  Material  and  Utility  Usage  at  Normal  Rate 


Hydrogen  production  =  20  Ibs/hr  10  mols/hr 

Mols/hr  of  CH3OH  feed  =  10  =  4.052  mols/hr 

2.468 

Heat  required  for  vaporization  =  4.052  x  50,960  =  206,490 
'•  '*  ’•  reforming  =  4.052  x  27,508  =  111,462 

Heat  loss  above  800«F  =  14.18  x  4,268  =  60.775 

378,727 


Heat  recovered  above  800®F  in  purge 

4.052  X  52,929  =  214.468 

Heat  provided  by  burning  methanol  =  164,259 

Mols/hr  of  CH3OH  fuel  =  164.259  =  1.081  mols/hr 

151,935 


Btu/hr 

If 

It 

It 

tt 

It 
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gas  =r  4o052  X 
fuel  si 0 081  X 


0o266 

le500 


I0O78  mols/hr 

126^  " 

2o700  « 


Cooling  dutj  iri  flue  gas  cooler 


Heat  to  be  removed  below  800  F  ner  mol  of  methanol 
feedo  Absolute  enthalpy  at  200  F 

CO2  1,000  X  -  163,978  =  -163,978  Btu/mol  CH,0H  feed 

H2O  1.532  X  -  97,537  = 

H20()  1.498  X  -  17,602  = 


Absolute  enthalpy  at  800°F  s 
Heat  to  be  removed  = 


-149,427 

-  26,368 
-339,773 

-  40,725 


tv 

ft 


tv 

If 


Heat  to  be  removed  below  800®F  per  mol  of  methanol  fuel 
Absolute  enthalpy  at  200°F 


COp  1.00  X  -  163,978  = 

HgO  6.50  X  -  97,537  .•= 

KgOO  6o47  X  -  17,602  s 

Absolute  enthalpy  at  800°F  ~ 
Heat  to  be  removed  = 


-163,978  Btu/mol  CH  OH  fuel 
-633,991 

-113,885  •' 


-911,854 

-758,126 

-153)728 


tf 


tv 


Flue  ga3  cooler  duty 
40O52  X  40^,725  =r. 
I0O8I  X  153 728  « 

Heat  removed  in  pre¬ 
heater 

Flue  gas  cooler  duty  = 


165,018  Btu/hr 
166,180  Btu/hr 
331,198  Btu/hr 

50,528  Btu/hr 
280,670  BtVhr  ( 28  gpm) 


Raw  Material  and  Utility  Usage  at  Minimum  Rate 


Hydrogen  production  =  5  Ibs/hr  2.5  mols/hr 

MoIsAh*  of  CHoOH  feed  =  2.50Q  r  1.013  mols/hr 

2.468 


Heat  required  for  vaporization  =  1.013  x  50,960 
"  "  reforming  =  1.013  x  27,508 

Heat  loss  above  800®F  -  14.18  x  4268  - 

Heat  recovered  above  800°F  in  purge  = 

1.013  X  52,929 

Heat  provided  by  burning  methanol 
Mols/hr  of  CH,0H  fuel  =  86,646  -  0.570  mols/hr 
^  151,935 


=  51,622  Btu/hr 
=  27,866  " 
-iO,J7i.  ” 
140,263  ” 

-  53,617  ” 

=  86,646  " 


Oxygen  to  barn  purge  gas  r  1.013  x  0.266  =  0.269 
«  '»  '•  CH,0H  fuel  -  0.570  x  1.500  =  0.855 

^  1.124  mols/hr 
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I 


i  Flue  gas  cooler  duty 

1.013  X  40,725  rr  41,254  Btu/hr 

0.570  X  153,728  =  87,„625 

!  128,879 

tt 

;  Heat  removed  in  pre- 

‘  heater  r:  12^632 

19 

(12  gpm) 

Flue  gas  cooler  duty  -  115^47 

1? 

i  Cold  Gas  Efficiency  at  Maximum  Rate 

1  Efficiency  =  35  x  122,970  x 

100 

=  81.252 

16.9^  X  312,570 


Volume  of  tfardrogen  In  System 


In  Reforsier 

Cross  sectional  ac'ea  -  ( 12a 73  kok3)  “  0o0576 

144  o 

Volume  in  8  tubes  r:  0o0576  x  8  x  11.42  s  5o27  ft*^ 
Catalyst  voids  =  50% 

Max  FU  Concentration  =  5k»k% 

Temperature  -  700^F 

Pressiire  30  atm 

5o27  X  30  X  0.5  X  0o544  x^3|Q  =  19.3  3CF 

2.  In  Palladium  Diffusion  Cell 

Volume  per  cell  =  1»496  x  28  =  0,0243 
144  12 

Number  of  cells  :i  64 
Average  H2  Concentration  -  31*5^ 

Temperature  =  700®F 

Pressure  -  30  atm 

Hp  -  O0O243  X  64  X  30  X  ^  X  0.315  =  6.6  SCF 

1160 

3  •  In  Hethanator 

2 

Cross  sectional  area  -  240.5  r  1*67  ft 

144 

Catalyst  voids  ~  40^ 

Temperature  -  700®F 

Pressure  ~  1.2  atm 

H«r:l,67  X  1.2  X  320  X  '1.033  0.4  x  2.75)  «  2.0  SCF 

1160 
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4o  Saturator 


Hp  =  120.6  X  (4.5  X  0.5)  x  ^20  x  1.2  -  2.0  SCF 
144  600 


5.  Piping 

Aastme  150»  of  l/2"  pipe 

H?  =  150  X  0.304  X  520  30  X  0.544  =  2.3  SCF 
144  1160 

6.  Total  holdup  of  Ifydrogen  s  32.2  SCF 
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V, 


PLANT  DESIGN  «  contd, 


2o  Utility  Reqiiirements 

The  utility  and  raw  material  requirements  are  calculated 
as  shown  above®  The  results  are  summarized  in  Table  V~lo 

Figure  V-B-2  shows  graphically  the  effect  of  hydrogen  pro¬ 
duction  rate  on  the  raw  material  consumptiono  The  hydrogen 
production  rate  is  expressed  as  pounds  per  hour  while  the 
methanol  and  oxygen  consumption  is  expressed  as  pounds  per 
pound  of  hydrogen  produced®  These  curves  increase  greatly 
as  the  hydrogen  production  decreases  because  of  the  pro¬ 
portionally  increased  effect  of  heat  loss  at  the  lower  rates® 
Also  included  in  Figure  V-B-2  is  the  cold  gas  efficiency, 
the  heating  value  in  the  product  as  a  percentage  of  the  heating 
value  in  the  total  methanol® 


TABLE  ■  V-1 

Summary  of  Raw  Materials  a^nd  Utilities  at  Various  Rates 


Rate 

Minimum 

Nonnal 

Maximtim 

Product  Ka#  Lbs/Hr® 

5 

20 

70 

Methanol 

To  Process,  Lbs/Hr® 

32.4 

453.8 

To  Fuel  Lbs/Hr. 

18o2 

89.0 

Total  Lbs/Hr® 

50.6 

164.3 

542.8 

Oxygen,  Lbs/Hr® 

36.0 

86.4 

254 

Condensate,  Lbs/Hr® 

12 

47 

165 

Cooling  Water,  GPM 

12 

28 

82 

Electrical  Power,  KW 

1.22 

1.22 

1.22 

Cold  Gas  Efficiency,  % 

62.1 

76.6 

81.2 
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V,  PLANT  DESIGN  -  contd 


3«  Equipment  Sizinjs; 

The  detailed  calculations  on  the  sizing  of  the  equipnent 
are  summarised  in  this  section.  Included  is  an  equipment 
list  giving  the  major  design  specifications  on  the  pieces 
of  equipment  used  in  the  proposed  sj'-stem. 

Equiment  Sizing  (Other  than  Pumps) 


Aqueous  Methanol  Feed  Preheater 
Duty  =  176,800  3tu/hr. 

Liquid  in  -  150®F|  Liquid  Out  =  350®F. 


Flue  gas  in  800®F; 
LM  A  T  -  450  325 

430 
323 


Flue  gas  Out  ~  475 ®Fo 
-  383 ‘‘F. 


In 


Surface  area  =  176.800  =  lij.4  ft,2 
383  X  30 


b*  Aqueous  Methanol  Feed  Vaporizer 
Duty  -  722,700  Btu/hr. 

Heat  flux  =  20,000  Btu/hr/ft.^ 

Surface  area  -  722.700  -  36ol  ft<,2 

20,000 

c «  Reformer 

Duty  =  390,100  Btu/hro 

Process  gas  in  700®F.,  Out  700®F# 

Flue  gas  in  ==  1490®F.,  Out  800®F. 

Space  velocity  =  3000  SCFH  of  H2A0I  of  catalyst 
LM  A  T  =  790  --  100  -  334 ®Fo 
1  7.9 

Catalyst  volume  ==  38.05  x  379.5  =  4.81  ft.^ 

3000 


Surface  area  -  390.100  ~  52  ft.^ 

334  X  22.5 

Flow  area  inside  4*»  Sch.  40  pipe  =  O.O884  ft. 2 
Total  area  of  2"  pipe  =  0.0308  ft. 2 

Annular  flow  area  ==  0.0576  ft. 2 

Length  of  annulus  4.81  =  83.5  ft.  (eight  10^-6”  lengths) 

O0O576 

Surface  -  0.622  x  84  ="  52.2  ft.^ 


Vo  PLANT  DESIGN  ^  contdo 

do  Flue  Gas  Cooler 

Duty  ~  821,700  Btu/hro 

Cooling  water  In  95®Fe;  Out  115®Fo  Flow  «  82ol  GPM 
Flue  gas  in  475 ;  Out  200®F. 

LMTD  =  360  -  105  =  207*F, 

In  ^ 

105 

Surface  area  “  821^700  =  39*7  ft. 2 

207  X  100 

e.  Oxygen  Vaporizer 

Duty  =  42,400  Btu/hr. 

Oxygen  In  -297®Fo;  Out  60®Fo 
Cooling  water  In  115®Fo|  Out  114®Fo 
LMTD  -  410  -  53  =  177*F. 

Im  ^ 

?5 

Surface  area  =  42«400  =  3«0  ft«^ 

177  X  SO 

fo  Palladium  H[ydrogen  Diffusion  Cell 
Flow  -  35  X  379«5  =■  13,300  SCF/Hr, 

Capacity  of  Jo  Bishop  Type  A-71  cell  for  pure  H2 
at  400  psig  differential  pressure  =650  SCF/Hr« 

Correction  factor  for  operation  at  average  Hg 
concentration  of  31o5^  -  0.35 
Correction  factor  for  having  product  hydrogen 
pressure  greater  than  0.95 
Capacity  per  cell  =  650  x  0.35  x  0.95  -  216  SCF/Hr. 

Number  of  A“'71  cells  =  13  *300  -  61.6 

216 

go  Methanator 

Flow  =  13,300  SCF/hr. 

Space  velocity  =  3000  SCF/hr.  of  K2/ft.3  of  catalyst 
Catalyst  volume  =  13»300  =  4»43  fto3 
3,000 

Bed  dimensions  =  18”  sch.  ST  pipe  x  2* -9"  high 
h«  Saturator 

Flow  -  42o5  x  379.5  =---  16,100  SCF/Kr.  5.2  ACF/Sec. 

Molecular  weight  =  4.83  .  r- — — 

Allowable  superficial  velocity  =  0.1  x  /  62.3  -  7.9  ft/sec. 

y  OoOU 

p 

Cross  sectional  area  =  5 .2  0.66  fto*^ 

7o9 
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V.  PLANT  DESIGN  -  contd, 


Use  12”  scho  20  pipe  x  4’-0  TT 

6660  SCF/Hro 


Separator 

Flow  =  17„5A.  X  379.5  ■ 

Molecular  weight  =  44 
Allowable  superficial  velocity  = 


0,095  ACF/Sec, 


0,1  x\p 


62.3  -  2,3  =  0.51  ft/sec. 
2.3 


Cross  sectional  area  =  0^095  -  0,186  ft,2 

0o51 

Size  for  2  min®  holdup  of  condensate. 
Volume  ^  2  X  1®47  -  2.94  gal.  or  24.5  lbs. 
Use  S»  Scho  40  pipe  x  TT 

Equipment  List 

a.  Process  Methanol  Feed  Pump 


(6«  Sch.  40  pipe) 


Capacity- 
Suction  Pres. 
Disc  Pres. 
Suction  Temp*, 


1.21  GPM  (maxo) 
0  to  320  Psigo 
450  Psig.. 

30  -  85 


Process  Condensate  Feed  Pump 

Type  Reciprocating 

Capacity  1.0?  GPM  (max.) 

Suction  Pres®  0-350  Psig® 

Disc  Pres®  450  Psig. 

Suction  Temp®  100  to  200®F. 

Use  1.5  H.P®  electric  motor  drive  with  speed  control 
turn  down  of  20  to  1.0.  Duplex  pump  with  methanol  ■ 
in  one  cylinder  and  condensate  in  the  other  cylinder® 

Fuel  Methanol  Feed  Pump 
Type  R  ec ipro c  at ing 

Capacity  0.24  GPM  (max.) 

Suction  Pres.  0  to  320  Psig. 

Disc  Pres®  450  Psig® 

Suction  Temp  30  -  85 ^F® 

Fuel  Water  Injection  Pump 

Type  Reciprocating 

Capacity  0o4B  GPM  (max.) 

Suction  Pres.  0  to  350  Psig® 

Disc  Pres®  450  Psig® 

Suction  Temp®  100  to  200 ^F® 
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V.  PLANT  DESIGN  ~  contdo 

Use  Oe>75  KP  electidc  motor  drive  with  speed  con¬ 
trol  turn  down  of  20  to  loO  Duplex  pump  with  methanol 
in  one  cylinder  and  condensate  in  the  other  cylinder. 

c#  Condensate  Makeup  Pump 

Type  Reciprocating 

Capacity  0*20  GPM  (Max©) 

Suction  Pres.  0-10  Psig. 

Disc.  Pres.  350  Psig. 

Suction  Temp.  100  -  140®F, 

Use  0.25  HP  electric  motor  drive  with  speed  con¬ 
trol  turn  down  of  20  to  1.0. 

d.  Oxygen  Pump 

Type  Reciprocating 

Capacity  0.50  GPM  (Max.) 

Suction  Preso  25  Psig.  (for  NPSH  requirements) 

Disc.  Pres.  450  Psig. 

Suction  Temp.  -297* 6 ®F. 

Use  0.75  HP  electric  motor  drive  with  speed  control 
turn  down  of  20  to  l.O. 

e.  Aqueous  Methanol  Feed  Preheater 

Type  Shell  and  Tube 

Design  Pres®  500  Psig® 

Design  Temp.  850°F. 

Duty  176^800  3tu/hr® 

Surf ac  e  15 .4  ft . 2 

Material  Type  304  3® 5® 

f.  Aqueous  Methanol  Feed  Vaporizer 

Type  Coil  in  Shell 

Design  Pres®  500  Psig.  (Coil)  450  Psig (Shell) 

Design  Temp®  1200®F.  (Coil)  450®F®  (Shell) 

Duty  722p700  Btu/lir® 

Surface  36*1  Ft.^ 

Material  Type  347  S.S.  (Coil)  G.S.  (Shell) 

g®  Reformer 

Type  Double  Pipe 

Dimension  4**  Sch®  40  Outer  Pipe  x  10^-6” 

Catalyst  Depth, 2”  Sch.  40  Inner  Pipe 
Catalyst  in  Annulus  0.61  Ft .3 
Number  of  Units  8 

Design  Pres.  450  Psig®  (Outer  Pipe)^  400  Psig® 

(Inner  Pipe) 

Design  Temp.  lOOO^F.  (Outer  Pipe)^,  1600®F®  (Inner  Pipe) 

Materiail  Type  347  S.S. 
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Flue  Gas  Cooler 
Type 

Design  Pres* 
Design  Tempo 
Duty 

Surface  Area 
Material 


Shell  and  Tube 
400  Psigo 
600  ®Fo 

821,200  Btu/hr© 
39.7  Fte2 
Type  304  SoS* 


io  Palladium  hydrogen  Diffusion  Cells 

lype  Jo  Bishop  Type  A-71 

Number  64 


jo  Methanator 
Type 

Design  Pres# 
Design  Temp# 
Dimensions 
Material 
Catalyst 

k#  Saturator 
Type 

Design  Pres# 
Design  Temp# 
Dimensions 
Material 

1#  Separator 
Type 

Design  Pres# 
Design  Temp# 
Dimensions 
Material 


Vertical  Cylinder 
50  Psigo 
800®F# 

18”  OD  X  4»-6”  TT 
Type  347  SoS# 

Girdler  Type  G-33  (4o43  ft. 3) 


Vertical  Cylinder 
50  Psig# 

650®F# 

12  Sch#  40  Pipe  x  4’--0”  TT 
Type  304  SeS# 


Vertical  Cylinder 
400  Psig# 

650®Fo 

8”  Sch#  40  Pipe  x  3’-0”  TT 
Type  304  S#S# 
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Co  Mechanical  Details  of  Ma.ior  Equipment 


Five  semi-detailed  sketches  have  been  prepared  to  depict  the 
physical  characteristics  of  the  principal  process  equipment 
components*  These  ares 


Figure  No*  V-C-1 
Figure  No*  V-C-2 
Figure  No*  V-C-3 
Figure  No*  V-3-4 
Figure  No*  V-C-5 


Methanator 
Saturator 
Feed  Vaporizer 
Reformer 
Separator 


The  assembly  of  these  process  equipment  components  together 
with  pumps  and  heat  exchangers  into  the  given  available  space 
is  shown  in  the  followj.ng  three  scale  study  drawings  s 

Figure  No©  V-C-6  Hydrogen  Generator^  Plan  View 

Figure  No*  V-G-7  Hydrogen  Generator^  Elevation 

Figure  No*  V-C-8  Hydrogen  Generator^,  I»sometric  View 

D*  Instrumentation 


The  hydrogen  gas  production  rate  of  the  hydrogen  generator  is 
set  by  adjustment  of  the  speed  of  the  process  methanol  and  con¬ 
densate  feed  metering  pumps*  This  speed  adjustment  can  be  achieved 
by  a  locally-mounted  manual  loading  station  or  remotely  in  response 
to  the  submarine  command  instructions  to  a  computer  control  center* 

The  computer  control  center  may  contain  an  anal.og  or  other  type 
computer  which  receives  feedback  intelligence  data  from  the  individual 
control  instruments  including,,  but  not  limited  tos 

1*  Temperature  of  process  gas  leaving  reformer* 

2*  Oxygen  and  carbon  monoxide  concentration  in  flue  gas  leaving 
methanol  feed  vaporizer. 


3*  Speed  controller  of  fuel  methanol  and  of  oxygen  pump* 

4*  Condensate  level  switch  at  flue  gas  cooler  separator* 

The  computer  routine  is  programmed  to  regulate  and  to  maintain  the 
process  conditions  and  variables  as  required  for  optimum  hydrogen 
production  at  the  set  rate*  The  temperature  of  the  process  gas 
leaving  the  reformer  is  controlled  by  adjusting  the  speed  of  the 
fuel  and  condensate  metering  ptmips* 


The  combustion  is  controlled  by  measuring  the  speed  of  the  methanol 
fuel,  pump^  the  speed  of  the  oxygen  pump  and  the  oxygen  and  carbon 
monoxide  content  of  the  flue  gas*  The  signals  from  these  measurements 
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feed  back  to  the  computer  and  an  out  pit  signal  i.e  sent  to  an 
ojtygen  fuel  ratio  controller «  This  controller  then  controls 
the  speed  of  the  oxygen  pump® 

Two  back  pressure  regulators  are  provided  to  maintain  pressure 
on  both  the  process  gas  and  the  flue  gas  side  of  the  reforme”^o 
The  level  switch  on  the  condensate  separator  will  supply  a  3i.gnal 
which  can  be  made  to  adjust  the  speed  controller  governing  the 
speed  of  the  condensate  makeup  pumpo 

The  anticipatory  characteristics  of  the  computer  control  center^ 
and  the  other  control  components  will  be  selected  so  that  lag  time 
will  be  minimized  when  a  change  in  rate  order  is  issued  by  the 
suhmaiune  command  or  whenever  any  process  condition  tends  to  deviate  from 
the  respective  optimum  condition  required  by  the  establj.shed  production 
rat  Bo  However^  it  is  anticipated  that  at  times^  an  extremely  rapid 
increase  in  rate  of  hydrogen  production  may  be  required  by  the 
submarine  commando  Tiie  normal  processes  of  increase  in  combustion  of 
vaporizer  fuel  and  heat  transfer  rate  to  the  reforming  catalyst  chamber 
may  not  be  sufficiently  rapid  to  satisfy  these  extreme  requirements « 

To  satisfy  this  heavier  demand  extra  heat  input  directly  to  the 
catalytic  reactor  can  be  obtained  by  means  of  injecting  reactant  oxygen 
directly  into  the  methanol-water  vapor  mixture  entering  the  reactoro 
The  duration  of  the  periods  of  oxygen  injection  and  consequent  heat 
generation  from  oxidation  of  methanol  will  be  very  short  o 
The  oxygen  injection  assist  will  cease  as  soon  as  the  rate  of  heat 
transfer  from  the  flue  gas  is  sufficient  to  maintain  satisfactory 
process  conditions  at  the  increased  hydrogen  rateo  To  prevent  any 
deficiency  in  oxygen  flow  to  the  feed  vaporizer  burner  during 
oxygen  injection  the  computer  program  routine  will  be  devised  to 
increase  the  oxygen  pump  speed  sufficiently  to  maintaijn  sufficient 
oxygen  flow  for  all  requirements*  At  the  same  time^  the  process 
methanol  feed  stream  will  be  increased  sufficiently  for  both  the 
feed  for  increased  hydrogen  production  and  the  portion  which  will 
react  with  the  injected  oxygen© 

A  temperature  switch  is  located  at  the  outlet  of  the  methanator  to 
actuate  a  high  temperature  alarm©  This  alarm  warns  of  leakage  of 
impurities  into  the  product  hydrogen  stream  leaving  the  purifier  cell© 
This  switch  may  also  send  a  feedback  signal  to  the  computer  control 
center  to  shut  down  the  hydrogen  generator  if  continued  excessively  high 
temperature  of  the  hydrogen  product  gas  should  endanger  the  fuel  cells© 

It  is  contemplated  that  over  a  period  of  time  the  dynamic  characteristics 
of  the  unit  may  drift  somewhat  due  to  various  factors  such  as  c-atal3?st 
agingo  wear  or  heat  loss  variation©  With  a  completely  computerized 
system  the  control  program  could  be  self  correcting  to  maintain  optimum 
performance©  This  would  be  a  goal  for  the  future  after  operational 
experience  is  gained©  In  the  ;ijiimediate  stage  of  development  an 
arbitrary  correction  can  be  built  into  the  control,  system  based  on 
data  obtained  from  the  proposed  prototype  program© 
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Vo  PLANT  DESIGN  -  contd. 

Eo  Physical 

The  approximate  weight  and 
process  equipment  have  been 

size  of  the  principal  items  of 
,  estimated  to  be  as  foll.owsg 

EQUIPMENT  PIECE  NUMBER 
REFERENCE  FIGURES 
(NOo  V-C-6,-7,-8) 

DESCRIPTION  WEIGHT 

POUNDS 

DIMENSIONS  VOLUME 

CUBIC  FTo 

1 

Reformer  and 
Hydrogen  Puri- 
fier  Cell  Units 

3000 

l»-3"x5»-9”x 

12 *-10” 

92o5 

2 

Methanator 

740 

18«0cDx3^-10” 
Tangent  to 
head 

6.8 

3 

Aqueous  Meth¬ 
anol  feed 
vaporizer 

3830 

37  l/2»»0oD„ 
x7^“3”  approx  0 

59 

4 

Oxygen  vaporizer 

80 

6»x4^“0«xI?-3'» 

2o3 

5 

Aqueous  methanol 
feed  preheater 

400 

13*'0.Dx6»-0” 

7o4 

6 

Flue  Gas  cooler 

500 

18*'0oDx6*~0” 

10„6 

7 

Separator 

130 

9”0«Dx3*-0” 

lo4 

8 

Direct  contact 
cooler  saturator 

260 

13»*0oDoX4*-0" 

3o? 

9 

Process  Methanol 
Feed  Pirnip 

625 

2*-6”x1*-7” 

xl.*-6" 

6,0 

10 

Process  Conden*- 
sate  Feed  Piimp 

625 

2»-6”x1*-?" 

xl*-6" 

60O 

11 

Fuel  Methanol 
Pump 

hhO 

2«-6'»xl’-7** 

xl*-6’» 

6,0 

12 

Fuel  Water  In¬ 
jection  pump 

hUO 

2»-6”x1»-7” 

xa*-6" 

6,0 

13 

Condensate  malce-- 
up  pump 

200 

l*-9"x3»-0” 

x:i.»-3” 

6c6 

113,270 

(Offsite) 

Oxygen  Pump 

400 

v-35 

-  0 


SUOKV^IfC 


COMPUTER 

CONTRO. 

CENTER 


TO  PROCESS 

CONTRa 

INSTRUMENTS 


PROCESS 

FEEDBAa 


METHANOL 
STORAGE 
(OFF  SITE) 


- • — » — ' — 

PROCESS  PRO( 

METHANOL  CONI 

FEED  PUMP  FEEI 

- 

:|ss 

)ENSATE 
)  PUMP 

i 

'to  ccc  ‘ 

^  «<K 

S_„,  V/ _ jc/^ 

^ ^  ^ 

r. 

AQUEO 

metha 

FEED 

VAPOR 


(OFF  SITE)! 


CONDENSATE 

MAKE-UP 

PUMP 


LIQUID 


TO  CCC^ 


0  jMETHANC 
FEED 


OXYGEN 

PUMP 

(OFF  SITE) 


TOTAL 


PRESS.PS I 


14,18 


450 


30*85 


TEMP,-T 


GAT  • 

HTA  - 

LC 

LS 

MLS  • 
0-FC  - 
PC  - 

m 

ST 

TR 

TRC  • 

TS 

TT 


ccc  • 

FRC  - 


1 

No 

ftATI 

TKte  JrawiAQ  (•  iHm 
witfcowt  c«asU«raH( 
or  ^ 
for  wiitcfi  It  it 


LEGEND 


UEOUS 

THANOL 

HEATER 


TO  cx:c 

'Y 


82  GPM 
^  y  tt5* F 


OVERBOARD 


SEPARATOR 


GAT  -  GAS  ANALYZER  TRANSMITTER 

hta  •  high  temperature  alarm 

LC  -  LEVEL  CONTROL 

LS  •  LEVEL  SWITCH 

MLS  -  MANUAL  LOAD  STATION 

0-FC  -  Op  FUEL  control 

PC  -  PRESSURE  CONTROL 

RR  -  RATIO  RELAY 

ST  -  SPEED  TRANSMITTER 

TR  •  TEMPERATURE  RECORDER 

TRC  -  TEMPERATURE  RECORDING  CONTROLLER 

TS  -  TEMPERATURE  SWITCH 

TT  -  TEMPERATURE  TRANSMITTER 

INSTRUMENT  AIR 
ELECTRICAL 

CCC  -  COMPUTER  CONTROL  CENTER 
FRC  *  FLOW  RECORDER  CONTROLLER 


LSV--i“~-iTO  CCC 


SPEED 

CONTROL  FOR 


\  / 
X 


■HnSySHBiHi 

fueiTcellS’ 

ETHANATOR 

DIRECT  CONTACT 

UARO 

HAMGER 

COOLER -SATURATOR 

'  . . 1 

6 

7 

8 

9 

OXYGEN 

FUEL  1 

FLUE 

1  GAS 

CCNDENSATE 

MAKE-UP 

CONDENSATE 
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LINING  ^  _ 


PIPE 
PI  Am 
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PACKING 
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tmS.SEDJ^SeESTO: 


BED  PACKING:. 
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SUPPORT  .. 
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PAINT 
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WEIGHTS 
EMPTY 
OPERATING 
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VI.  DISCUSSION  OF  CHARACTERISTICS 

The  process  presented  was  designed  keeping  in  mind  the  various  require¬ 
ments  peculiar  to  the  submarine  application.  The  three  most  important 
factors  considered  were  compactness,  rapid  response  to  changes  in  output 
demand,  and  safety.  Summarized  in  this  section  is  a  discussion  of  the 
more  important  characteristics  of  this  design  and  the  effect  of  some  al¬ 
ternatives  and  scale-up. 

A.  Physical 

The  detailed  discussion  of  the  process  and  the  major  pieces  of 
equipment  is  contained  in  Section  V© 

1.  Design  Advantages 

The  proposed  design  has  many  advantages  which  make  it 
particularly  suitable  for  submarine  application.  With 
the  exception  of  the  feed  vaporizer  all  of  the  major 
pieces  of  equipment  are  small  eiiough  to  fit  through 
a  hatch  of  25"  in  diameter.  Thus  for  repair  or  replace¬ 
ment  it  would  not  be  necessary  to  cut  through  the  side 
of  the  ship.  The  one  exception,  the  feed  vaporizer, 
is  easily  constructed  and  could  be  assembled  on  board 
the  submarine.  The  design  is  compact  and  readily  adapt¬ 
able  to  the  580  hull  design.  The  refomer  and  the  pal¬ 
ladium  diffusion  purification  cells  both  operate  at  the 
same  temperatxire.  Since  they  are  both  compact^  they 
were  designed  to  be  installed  withi.n  a  single  insulated 
box.  This  eliminates  the  need  for  refractoiy  lining 
in  the  reformer.  The  reformer  and  palladium  diffusion 
cells  are  thus  more  resistant  to  shock.  Making  use  of 
a  common  insulated  box  reduces  the  lost  space  of  in¬ 
dividual  insulation.  The  feature  of  high  pressure  re¬ 
forming  has  the  advantage  that  the  carbon  dioxide  flue 
gas  can  be  ejected  overboard  without  the  use  of  a 
compressor.  Also,  no  compressor  is  needed  to  pressurize 
the  crude  hydrogen  gas  for  purification  in  the  palladium 
cells. 

Elimination  of  a  compressor  removes  a  source  of  structure 
borne  vibration  which  experience  from  Girdler  built  Car¬ 
bon  Dioxide  Removal  Units  has  shown  to  be  quite  trouble¬ 
some.  The  only  rotating  components  in  this  design  are 
the  water,  methanol,  and  liquid  oxygen  pumps  and  motivation 
systems.  The  pumps  are  positive  displacement.  Girdler »s 
experience  with  structure  borne  sound  evaluations  had 
shown  the  positive  displacement  pump  to  be  troublesome. 

However,  this  problem  has  been  successfully  eliminated 
by  the  use  of  pulsation  dampeners.  No  particular  troubles 
are  foreseen  in  accomplishing  a  particularly  noise  quiet 
unit. 
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VI,  DISCUSSION  OF  CHARACTERISTICS  »  contd 


With  the  proposed  system  there  are  no  liquid  solutions, 
thus  a  reduction  in  contamination  susceptibility.  There 
woxild,  likewise,  be  no  chemicals  to  store.  The  plant 
design  is  capable  of  operating  at  steep  angles  and 
standard  conditions  of  pitch  and  roll  are  expected  to 
have  no  effect. 

The  instrumentation  on  this  design  is  quite  complete 
making  the  unit  fully  automatic  and  lends  itself  to 
computer  control  for  advantageous  response  character¬ 
istics,  The  rapid  response  characteristics  are  accom¬ 
plished  by  the  unique  injection  of  additional  oxygen 
into  the  reaction  zone  of  the  reactor.  Because  of  the 
high  degree  of  instrumentation  the  design  is  considered 
quite  safe.  The  hydrogen  inventory  has  likewise  been 
held  to  a  minimum,  less  than  50  SCF, 

The  maintenance  is  expected  to  be  at  a  minimum  because 
no  corrosive  solutions  or  chemicals  are  being  encountered. 
There  are  no  extraneous  materials  generated  which  could 
contaminate  the  submarine  atmosphere, 

2,  Desirable  Alternatives 

The  proposed  design  is  highly  sophisticated  and  efficient. 
The  system  makes  efficient  use  of  all  the  waste  heat  at 
the  expense  of  more  equipnent  and  instrumentation,  A 
more  simple  design  could  be  made.  It  would  be  less  ef¬ 
ficient  and  would  require  10-15^  more  methanol  but  very 
little  additional  oxygen  consumption.  It  would  have  a 
direct  fired  vaporizer  and  preheater  with  firing  at  at¬ 
mospheric  pressure.  The  carbon  dioxide  would  then  have 
to  be  compressed  for  ejection  overboard.  The  off-gas 
from  the  palladim  diffuser  cells,  containing  small 
amounts  of  carbon  monoxide  and  methane  under  pressure, 
would  be  ejected  overboard  without  firing,  A  design  of 
this  type  would  require  much  less  instrumentation,  thus 
a  more  compact  design.  It  could  also  be  computer  con¬ 
trolled  for  a  minimum  of  attention.  The  difficulty  of 
firing  the  vaporizer  under  pressure  would  be  eliminated. 
Operation  on  air  would  be  less  difficult  because  there 
would  be  no  necessity  for  compressing  the  air  needed  for 
combustion. 

An  alternative  to  the  above  designs  can  be  made,  Diesel 
fuel  can  be  substituted  for  methanol  for  firing  the 
'ic^yorlzeTo  This  would  result  in  use  of  a  fuel  having  a 
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VI.  DISCUSSION  OF  CHARACTERISTICS  -  contd. 

higher  heating  value  with  less  fuel  being  required. 
This  diesel  fuel  firing  can  be  accomplished  because 
the  flue  gas  does  not  enter  the  refoimer  or  the  pal¬ 
ladium  diffuser  cells.  Diesel  fuel  firing  could  not 
be  tolerated  without  special  treating  if  the  flue  gas 
goes  to  the  palladium  cells  as  there  may  be  palladium 
poisons  in  the  oil.  Some  greater  difficulty  may  be 
encountered  in  the  firing  of  diesel  fuel  under  pres¬ 
sure  than  with  methanol. 

It  may  develop  that  from  a  detection  point  of  view  it 
vrould  bo  undesirable  to  eject  the  carbon  dioxide 
directly  overboard.  If  that  should  be  the  case,  the 
proposed  design  could  be  slightly  altered.  Because 
the  carbon  dioxide  is  under  pressure,  it  could  be 
further  dried  and  then  liquified  by  cryogenic  cooling 
with  liquid  oxygen.  The  liquid  carbon  dioxide  could 
be  easily  stored  in  tanks  and  pumped  overboard  at  a 
convenient  time. 

3*  Scale-up 

The  design  of  this  plant  is  readily  adaptable  to 
scale-up.  No  great  problems  with  respect  to  process 
are  anticipated.  The  same  general  flow  scheme  would 
be  used. 

Generally  speaking  the  size  of  the  equipment  vrould  be 
directly  related  to  the  scale-up  desired.  For  in¬ 
stance,  to  scale-up  from  70  Ibs/hr.  to  350  lb  s/hr. 
would  require  40  reformer  tubes  instead  of  the  present 
8  tubes  ^d  the  methanator  volume  would  increase  from 
4«45  ft.^  to  22.15  ft. 3,  if  the  larger  sized  unit  is 
undesirable  then  multiple  trains  of  eqiiipnent  can  be 
used*  The  larger  sized  plant  would  not  be  adaptable 
to  the  spacing  allotment  for  the  580  hull  design  but 
could  quite  readily  be  adapted  to  a  new  submarine  de¬ 
sign. 


Startup 

Initially  th«re  are  two  pre^st  art-up  functions  which  can 
be  performed  in  port^  These  are  activation  of  the  pal¬ 
ladium  silver  alloy  and  aciivaiion  of  the  methanation 
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VIo  DISCTJSSION  OF  CKARAGTERISTICS  -  contd. 

catalyst,  if  reqiiirede  Tne  palladiiini  is  activated  by- 
evacuating  both  sides  of  the  cell  down  to  an  absolute 
pressure  of  1  -  2  mra  of  Hg,  bleeding  in  air  to  atmos¬ 
pheric  pressure  and  re- evacuating.  The  above  procedure 
is  carried  out  while  the  cells  are  heated  to  800®F,  by 
hot  flue  gases  flowing  through  the  reformer  tubes  which 
are  insulated  together  with  the  hydrogen  purifier  cells. 
The  palladium  should  not  require  regeneration  unless 
mis-operation  of  the  reforming  step  produces  carbon 
and/or  olefins  which  will  tonporarily  poison  the  pal- 
ladiimio  This  step  could  be  performed  at  sea  by  the 
addition  of  a  vacuiam  pvanp© 

Activation  of  the  methanation  catalyst  is  carried  out 
by  reducing  it  with  hydrogen  at  750®Fo  for  about  six 
hours.  The  flow  of  hydrogen  can  be  obtained  from  cy¬ 
linders  with  preheating  to  750®F,  in  the  reformer  or 
methanol  can  be  reformed  in  the  hydrogen  generator  to 
produce  the  x-equired  hydrogen  flow.  This  step  can 
also  be  performed  at  sea  if  required© 

Also,  before  insulation  is  applied,  the  hydrogen  gen¬ 
erator  should  be  tested  for  leaks©  Before  each  startup 
the  hydrogen  puidfier  cells  shoixld  be  checked  for  leaks 
by  applying  nitrogen  to  the  high  pressure  side  and  noting 
any  pressure  rise  on  the  low  presstire  stdo© 

On  startup  the  submarine  should  be  rented  to  the  surface 
in  order  that  the  burner  can  be  lighted  off  at  atmos¬ 
pheric  pressure©  Condensate  is  pumped  at  a  low  rate 
through  the  vaporizer  and  vented  to  the  atmosphere  to 
prevent  overheating  of  the  vaporizer  coil  and  to  con¬ 
trol  the  temperature  of  the  flue  gases  to  the  reformer© 

The  burner  is  started  up  on  a  methanol-water  mixture  and 
oxygen©  It  is  ignited  at  atmospheric  pressure  by  means 
of  a  lance  inserted  through  a  hand  hole  which  is  flanged 
up  after  light  off©  Cooling  water  flow  is  established 
through  the  flue  gas  cooler  and  oxygen  vaporizer  before 
light-off  since  cooling  water  is  used  to  vaporize  the 
oxygen© 

After  the  hot  flue  gases  have  raised  the  reformer  tubes 
and  palladium  diffusion  celJ.s  up  to  operating  temper¬ 
ature,  the  process  methanol  feed  is  started© 

After  flow  is  established  through  the  unit,  the  pressure 
on  the  process  side  is  increased  slowly  from  atmospheric 
to  200  psig©  During  this  period  the  purge  gas  is  vented 
rather  than  being  burnfu  in  I  he  vaporizer  for  heat  re¬ 
covery  since  there  would  be  excessive  hydrogen  in  the 
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VI*  DISCUSSION  OF  CHARACTERISTICS  --  contd* 

purge  gas  for  heat  balance*  At  this  pressure  sufficient 
hydrogen  vdll  be  diffusing  through  the  palladium  so  that 
the  purge  gases  can  be  burned.  After  purge  gas  burning 
has  been  established,  the  pressure  on  the  flue  gas  side 
is  increased  until  the  noimal  operating  pressure  of  350 
psig  is  reached.  As  the  process  pressure  and  the  flue 
gas  pressure  are  increased,  the  process  flow  and  fuel 
firing  may  be  increased  up  to  the  desired  flow  rate* 

During  start-up  it  will  be  necessary  to  withdraw  all  of 
the  condensate  from  storage  until  the  flue  gas  system 
is  under  normal  operating  pressure  of  350  psig^  At  this 
time,  the  condensate  make-up  pump  is  started  and  flow 
established  to  the  flue  gas  system*  The  condensate 
supply  is  then  switched  from  storage  to  the  separator 
where  condensate  condensed  from  the  flue  gases  is  stored* 

The  hot  low  pressure  hydrogen  is  cooled  and  saturated 
in  the  dlr^=^ct  contact  cooler*  Condensate  is  made  up 
automatically  by  level  control*  The  saturated  hydrogen 
then  flows  to  the  fuel  cell. 


After  the  system  is  operating  under  full  pressure,  the 
control  of  production  rate  or  flow  rate  can  be  transferred 
to  the  computer  control  center* 

2*  Nomal  Operation 

During  normal  operation,  the  flow  rates  of  proc  raw 
materials,  fuel  and  oxygen  are  controlled  from  the  com¬ 
puter  control  center*  They  are  such  as  to  exactly 
balance  the  iiydrogen  demand  of  the  fuel  cells*  The  in¬ 
let  and  exit  temperatures  of  the  methanator  will  be 
constant  unless  there  is  a  leak  in  the  palladium  tubing* 

In  this  case  the  exit  temperature  will  increase  about 
140®F,  for  each  one  per  cent  of  carbon  oxides  leakage* 

The  injection  of  oxygen  directly  into  the  process  gas 
leaving  the  vaporizer  is  not  used  under  steady  state 
condition^:*  The  reformer  exit  temperature  controls 
the  fuel  methanol  flow  rate*  If  the  temperature  of  the 
flue  gases  to  the  reformer  is  too  high,  the  ratio  of 
fuel  injection  water  to  fuel  is  increased.  The  flow 
of  oxygen  is  controlled  by  the  analysis  of  the  flue 
gases  for  oxygen  and  CC  plus  the  speea  of  the  fuel 
methanol-injection  water  pump* 

If  a  small  change  in  hydrogen  demand  is  signaled  from 
the  submarine  command  to  the  computer  control  center. 
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the  computer  will  reset  all  flow  rates  simultaneously 
eliminating  the  normal  instrumentation  lag  between  the 
increase  in  process  feed  and  the  increase  in  fuel  and 
oxygen*  However,  if  a  large  change  in  flow  rate  is 
required  such  that  a  large  change  in  heat  transfer 
rate  is  required  in  the  vaporizer,  the  computer  will 
reset  all  flow  rates  accordingly*  In  addition  it  will 
over-ride  the  oxygen  piarnp  speed  so  that  oxygen  is 
available  for  direct  injection  into  the  process  line 
from  the  vaporizer  to  the  refonner,  to  maintain  the 
reformer  exit  toEperature  at  the  desired  temperature 
while  the  refractory  in  the  vaporizer  is  heating  up  to 
the  temperatxire  required  for  the  higher  heat  transfer 
rate*  The  injection  of  oxygen  into  the  process  gas  is 
transient  and  is  discontinued  as  soon  as  the  normal 
firing  methods  catch  up  with  the  higher  hydrogen  pro¬ 
duction  rate* 

If  a  large  decrease  in  hydrogen  production  is  signaled 
the  process  methanol  rate  is  decreased  at  constant 
condensate  rate  until  the  refractory  in  the  vaporizer 
has  cooled  down  to  the  new  temperature  level  and  the 
hot  piping  in  the  reformer  cooled  down*  At  this  time 
the  process  methanol-water  ratio  is  returned  to  noimal* 

If  no  hydrogen  is  required,  the  hydrogen  generator  is 
kept  at  operating  temperature  by  burning  fuel  methanol 
to  keep  the  equipment  hot*  Sufficient  process  con¬ 
densate  must  be  pxmnped  through  the  vaporizer  to  prevent 
overheating  at  minimum  burner  turndown*  The  steam 
passing  through  the  process  side  of  the  reformer  and 
hydrogen  ptirifier  must  be  discharged  downstream  of  the 
vaporizer  to  prevent  quenching  of  the  biimer  flame* 

The  steam  is  condensed  in  the  flue  gas  cooler  and  re¬ 
cycled  to  the  condensate  pxmips* 

3*  Shut-down 

If  the  hydrogen  generator  is  to  be  shut  down  for  a  short 
period,  the  flow  of  process  methanol  is  shut  off*  The 
flow  of  process  condensate  is  continued  until  the  steam 
has  displaced  all  the  hydrogen  containing  process  gas 
from  the  high  pressure  side  of  the  system*  The  oocygen 
pump,  fuel  methanol  pump  and  water  injection  pump  can 
then  be  shut  off*  This  can  be  carried  out  in  the  sub¬ 
merged  position*  However,  the  reduction  of  pressure 
on  the  system  and  tbp  final  venting  of  flue  gases  cannot 
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be  done  until  the  submarine  is  vented  to  the  surface. 

The  low  pressure  side  of  the  palladium  diffuser,  the 
methanator  and  direct  cooler-^saturator  can  be  boxed 
in  full  of  hydrogen  ready  for  the  next  startup  since 
the  quantity  of  hydrogen  contained  in  these  units  at 
atmospheric  pressure  is  quite  small. 

If  the  shutdown  is  to  be  of  eoctended  duration,  the  low 
pressure  hydrogen  can  be  purged  out  with  nitrogen.  If 
this  is  done,  this  system  will  have  to  be  evacuated 
before  the  next  startup  for  normal  operation.  However 
by  to.leratirig  impure  hydrogen  to  the  fuel  oell  for  a 
short  period  of  time  on  the  next  startup  the  need 
for  evacuation  could  be  avoided. 

The  high  pressure  oxygen  in  the  piping  can  be  retained 
in  the  piping  or  vented  to  the  submarine  atmosidiere. 

4*  Power  Consumption  at  Various  Rates 

Since  all  pmp  drivers  are  of  the  variable  speed  type, 
little  power  is  saved  at  reduced  rates  if  speed  variation 
is  accomplished  by  the  various  methods  such  as  magnetic 
clutch,  electronic  control  or  D.C.  series  motor.  Since 
the  power  consumption  is  so  small,  this  item  is  of  little 
consequence.  Other  types  of  drive  using  belts  and  plane¬ 
tary  gears  use  less  power  at  reduced  speeds  but  are  more 
subject  to  slippage  and  wear  and  iii  addition  considerably 
more  nojusy  xn  eperatiorio 

5o  Response  Time 

The  overall  response  time  of  the  hydrogen  generator  can 
best  be  understood  by  analyzing  the  response  time  of 
each  section  of  the  unit.  The  purification  section 
idiich  consists  of  the  palladium  diffuser,  methanator, 
and  cooler-saturator  in  essentially  instantaneous  in 
response  provided  the  system  is  maintained  at  operating 
conditions  and  can  be  supplied  with  the  reqtiired  crude 
hydrogen  feed.  It  can  be  turned  on,  turned  off  or 
changed  in  flow  rate  as  rapidly  as  a  water  faucet.  How^ 
ever,  it  is  more  difficult  for  the  generating  section 
to  supply  the  crude  hydrogen  with  this  facility.  In 
this  section,  the  response  of  the  heat  transfer  equipK 
ment  is  limitingo  The  refractory  mass  in  the  vapxDrizer 
although  small  requires  some  finite  time  to  change  to 
a  new  tfanperature  level.  The  refractory  shotild  be  light 
weight  ;ind  have  low  heat  storage  characteristics.  There 
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is  also  a  small  inherent  la^  in  any  heat  recovery  system 
such  as  is  used  in  this  generation  section  where  the 
process  feed  is  preheated  vdth  flue  gas  of  which  about 
50^  is  supplied  by  the  burning  of  the  purge  gases#  It 
is  these  two  lag  times  mentioned  above  that  the  direv^t 
injection  of  oxygen  into  the  process  feed  stream  is  pro¬ 
posed  to  eliminate  or  reduce  to  a  minimum# 

Experience  on  other  units  of  this  type  would  indicate 
a  start-up  from  a  cold  unit  to  noimal  operating  rate 
might  require  about  30  minutes#  Shutting  down  the  unit 
would  be  essentially  instantaneous#  Response  time  from 
minimum  operating  rate  to  maximum  operating  rate  would 
be  in  the  order  of  a  few  minutes#  Response  time  from 
noimal  operating  rate  to  maximum  operating  rate  would 
be  essentially  instantaneous  with  the  use  of  the  oxygen 
assist  feature  of  the  design# 

60  On  Stream  Factor 

The  unit  has  been  designed  to  easily  meet  the  require¬ 
ment  of  10  days  continuous  operation#  Most  of  this 
operation  would  be  at  i.he  normal  rate  with  10  hours  at 
the  maximTom  rate  in  two  hour  periods#  However,  it  is 
believed  that  the  equipnent  is  designed  to  operate  con¬ 
siderably  longer-  than  this  without  maintenance#  Ex¬ 
perience  indicates  that  catalyst  life  expectancy  can  be 
considerably  greater  than  the  10  days  specified#  For 
long  periods  of  operation  allowance  may  be  required  to 
allow  for  changing  catalysts  characteristics# 

C#  General 


1#  Fuel 

Methanol  as  a  process  or  combustion  fuel  for  hydrogen 
generation  on  board  submarines  has  many  advantages  over 
other  materials  such  as  jet  fuel#  diesel  oil,  or  ammonia# 
Methanol  is  a  relatively  pure  chemical,  in  com¬ 

mercial  quantities#  It  is  widely  available  and  easily 
stored  and  handled#  Being  of  high  purity,  methanol  does 
not  give  rise  to  undesirable  by-products  which  would 
result  in  difficult  disposal  problems  on  submarines# 
Methanol  does  not  contain  sulfur,  a  catalyst  poison, 
which  may  be  present  in  some  petroletan  fuels#  There 
ai’e  no  large  quant  ities  of  nitrogen  to  be  disposed  of 
by  liquefaction  or  some  other  more  difficult  means,  as 
would  be  the  case  with  ^monia  decomposition# 
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There  is  reason  to  believe  that  ethanol  could  be  sub¬ 
stituted  for  methanol#  This  could  oe  the  commercial 
azeotrope  ethanol-water  mixture#  For  the  fuel  side 
of  the  process  other  materials  could  be  substituted 
for  the  methanol  if  certain  design  provisions  are  made 
while  still  maintaining  the  process  advantages  of  meth¬ 
anol  as  a  process  feed# 

2#  Disposal  of  Waste  Gases 

In  the  proposed  design,  essentially  all  of  uzie  carbon 
in  both  the  process  feed  methanol  and  fuel  methanol 
leave  the  generator  in  the  form  of  carbon  dioxide  at 
350  psig,  200 ®F#  and  saturated  with  water  vapor#  Also* 
present  is  the  argon  contained  in  the  oxygen  and  probably 
a  small  quantity  of  unreacted  oxygen  and  carbon  monoxide 
which  generally  results  even  from  combustion  at  stoichio¬ 
metric  ratios  of  fuel  and  oxygen#  Under  these  conditions, 
there  is  sxifficient  pressure  for  the  carbon  dioxide  to  be 
released  overboard  while  submerged#  The  present  design 
incorporates  this  technique#  If  this  procedxire  is  not 
desirable  from  the  standpoints  of  noise  and  surface  de¬ 
tection,  the  carbon  dioxide  can  be  liquefied  by  the  evap¬ 
oration  of  liquid  oxygen  flowing  to  the  fuel  cell  and  to 
the  lydrogen  generator#  It  can  be  purged  overboard  from 
the  submarine  continuously  mixed  in  with  the  sea  water 
cooling  ^stem;  or  if  necessary,  it  can  be  stored  as  a 
liquid  and  discharged  periodically  at  convenient  times# 

The  main  point  is  that  the  carbon  dioxide  is  xander  suf¬ 
ficient  pressure  to  liquefy  at  a  sufficiently  high  pres¬ 
sure  and  temperature  that  dry  ice  is  not  formed#  It 
would  be  necessary  to  dry  the  carbon  dioxide  before  lique¬ 
fying  if  this  route  is  chosen# 

3*  Air  Operation 

If  air  is  available  from  the  siirface,  the  hydrogen  gen¬ 
erator  can  be  run  at  various  rates  depending  on  the  pres¬ 
sure  at  which  air  is  supplied  to  the  burner#  If  it  can 
be  compressed  to  450  psig  elsewhere  on  the  submarine,  the 
hydrogen  generator  can  run  at  full  rate#  Appaxjximately 
66  KW  would  be  required  to  operate  the  air  compressor  at 
the  70  Ibs/hr#  or  maximum  hydrogen  rate#  The  combustion 
volume  in  the  aqueous  methanol  feed  vaporizer  is  sufficient 
to  allow  operation  at  a  30  Ibs/hr#  hydrogen  rate  at  atmos¬ 
pheric  pressure#  However,  operation  at  atmospheric  pres¬ 
sure  is  not  practical  since  there  must  be  sufficient 
pressure  on  the  flue  gases  to  overcome  the  pressure 
drop  through  the  reforaier  and  other  heat  recovery 
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equipnento  If  considerable  operating  time  on  air  is 
contemplated,  furnace  operation  at  a  substantially  lower 
pressure  with  compression  of  the  carbon  dioxide  from  the 
submarine  when  it  is  submerged  may  be  more  economical 
overall  than  the  present  design© 

In  order  to  switch  from  oxygen  operation  to  air  operation, 
the  burner  may  have  to  be  changed  depending  on  the  maximum 
hydrogen  rate  required  when  on  air  generation©  It  will 
definitely  require  changing  if  low  pressiire  air  is  used 
in  one  case  and  high  pressure  oxygen  in  the  other  case. 
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In  the  prel  imingtry  study  and  the  preparation  of  the  final  process  and 
i^echanioal  desl^  of  a  prototype  unit^  a  number  of  problems  nere 
enootmtered*  The  sc^ution  to  some  of  l^ese  were  readily  obrtained 
after  imrestigation  and  evaluation  of  the  factors  involved*  In  some 
instances  alternate  solutions  were  appazmnt*  ^en  these  occurred  a 
weighted  choice  was  made  between  the  certainty  of  present  knosd.edge 
and  the  advantages  that  might  be  gained  in  this  particular  application* 
In  other  instances  a  degree  of  uncertainty  necessitated  assumptions 
which  will  require  esqserimental  verification* 

A*  Process 

In  general  the  process  steps  diosen  have  all  be^  carried  out 
in  one  fozm  or  another  in  GUrdXer^s  laboratories^  pilot  pleuits 
or  commercial  plants*  These  izicltzde  such  8tex>s  as  the  following: 

1*  Pumping  and  vaporising  methanol^  ooMensate  and 
liquid  osQrgen* 

2*  Burner  operation  under  pressore  on  ooQrgen  tempered 
with  condensate  and  cosabustibles  suoh  as  methanol  and 
hydrogen  containing  purge  gas* 

3*  tlTatalytlo  reforming  of  methanol  with  steam  at 
600  to  BOO®F*  with  oaQrgen  injection* 

4*  Purification  of  crude  gas  by  palladium  diffusion* 

Methanation  of  residual  carbon  oxide  to  protect 
fu^  cell  from  contaminants  in  case  of  minor  leaks* 

6*  Cooling  and  saturation  of  product  hydrogen* 

However^  conditions  used  in  the  process  design  give  rise  to 
uncertainties  concerning  reaction  rates^  sdeotivity  and  thermo- 
dynamio  equHibriuni*  These  further  are  associated  mainly  with 
the  catalyst  iddoh  xflight  be  considered  the  very  heart  of  the 
process*  A  great  deal  of  catalytic  data  has  been  dev^oped  in 
(^Irdler  laboratories  on  the  reactions*  However^  the  aottial 
performance  of  the  catalyst  in  the  proposed  unit  and  specifically 
under  the  conditions  used^  requires  eoqperimental  verification* 
Actual  factors  to  be  developed  eaqperlmi^ally  include  the 
following: 

1*  Selectivity  of  the  catalyst  for  suppressing  methane 
formation:  l^inoe  there  is  a  large  thezmodynamio.  potential 
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for  this  peaetion  a  large  amount  of  methane  conld  theoretically 
be  fom^o  An  approdaKLe  amomt  could  be  tolerated  in  the 
crude  product^  stooe  the  purge  gaa  is  used  as  ftielo  In  this 
desigHj)  methane  in  the  crude  gas  was  assumed  to  be  2$  by 
volume  since  catalyst  data  indicates  that  the  desired  selectivity 
can  be  obtained  o 

2o  The  degree  of  conversion  of  methanol  at  the  chosen 
conditions  8  Indications  are  that  high  catalyst  activity  can 
be  obtainedo  An  approach  of  100®Fo  to  thermcKiynamic  equili- 
briimi  was  used  in  the  deslgyio 

3o  The  activity  of  the  catalyst  for  the  water  gas  shift 
reaction  8  Data  appear  to  show  that  carbon  monoxids  will 
approach  the  equillbriimi  value  over  most  catalyst  that  are 
active  for  the  methanol  reforming  reaction#  An  approach 
of  100®Fo  to  thermodyamic  equilibrium  was  used  in  the  design# 
Palladium  will  catalyse  the  reaction  so  that  further  conversion 
of  the  GO  win  be  obtained  in  the  diffuser#  No  credit  hae 
been  taken  for  this  in  the  design# 

4#  Suppression  of  other  imdesirable  side  reactions  s 
The  generation  of  va'cdous  organic  products  and  the  formation 
of  carbon  are  mainly  suppressed  by  the  Tme  of  a  selective 
catalyst#  A  sufficient  ^eam  to  methanol  ratio  is  important 
for  suppressing  these  reactions  as  well  as  for  controlling 
the  f  jjoal  equilibrium  of  the  H2“H20-tX)-C02  constitutents# 

Excessive  steam  2*esults  in  larger  equipment  and  loss  in 
efficiency#  A  steam  to  methanol  mol  ratio  of  2  to  1  was  chosen  as 
being  reasonable  with  soma  reduction  possible  by  experimental 
verifica.tionc 

5#  Heat  loss  from  the  izhits  The  heat  loss  from  equipment 
of  this  kind  is  Bubject  to  fairly  precise  calculation. 

However,  because  of  the  nature  of  the  space  requirements  and 
umisual  equipaent  configiirations,  calculations  become 
3c®i€ffidiat  uncertain#  Past  eoqjerience  with  similar  units  resulted 
in  the  use  of  a  value  of  60,000  BTU/hr#  idiich  is  believed  to 
be  conservative,  allowing  some  flexibility  for  balancing  sjmce 
for  in.Talation  against  overall  efficiency# 

6#  Effect  of  poisons  on  palladium  diffusers  Certain 
constitutent^  are  knosan  zo  bo  poisonious  to  the  palladium 
silver  alloy  surface#  Most  of  these  are  t^mporaiy  although 
inorganic  salts  or  metals  could  adversely  and  permanently 
affect  the  performance  of  a  palladium  diffuser#  With  the 
proposed  feed  no  poisoning  is  ejected  from  the  material 
being  processed#  Other  than  the  hydrogen  the  constituents 
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in  the  crude  reformed  rjrcduct  will  be  essentially  inert© 
Catsvlysis  of  the  CO-H^O  reaction  is  expected  but  should 
not  have  any  adverse  effects©  Methanol  is  aiot  reported 
to  be  a  poison  and  tests  in  Girdler^s  laboratory  appear 
to  confim  this  so  that  unconverted  methanol  in  the  crude 
hydrogen  to  the  diffuser  is  assumed  to  be  hanalesso 

7o  Eefoimer  heat  fluxj  To  determine  the  number  of  catalyst 
tubeSj,  the  heat  flux  had  to  be  chosen  based  on  past  e3q)erienceo 
The  ultimate  capacity  of  any  configuration  is  related  to  the 
catalyst  activity  as  well  as  the  allowable  heat  flux©  The 
effect  of  temperatiare  gradient  on  catalyst  life  and  activity 
win  be  the  main  factor  in  deteimining  the  ultimate  capacity 
of  the  tmito  Experimental  evaluation  is  reqcdred  to  establish 
this  point© 

8©  Catalyst  life?  In  addition  to  the  factors  mentioned 
abovCi,  the  catalyst  life  must  be  determined  experimentally 
with  relation  to  production  rates  and  operating  conditions© 

9©  Oxygen  reactants  In  order  to  improve  the  response  time  of 
the  hydrogen  generation,  oxygen  injection  directly  into  the 
reactants  is  used©  Ihe  reforming  reaction  as  carried  out  over 
a  special  catalyst  at  temperatures  of  600®  -  800®F©  but  the 
activity  of  these  catalyst  for  the  oxidation  reaction  must  be 
established©  The  alternative  is  to  use  a  two  bed  reactor  with 
separate  catalysts  to  proimcte  the  two  reactions©  M.s  is  known 
to  be  feasible  but  rSijjires  esqperimental  veidfication  to  ensure 
the  success  of  the  ocxygen  injection  feature© 

B©  Equipment 

lo  Moving  equipaent  and  noise  generations  Ultimately, 
after  the  construction  of  a  prototype  tmit,  the  equipment 
will  require  a  severe  test  for  reliability©  Items  involving 
moving  parts  such  as  pumps  and  valves  will  require  close 
evaluation©  It  is  felt  that  these  itans  are  fairly  ja*e- 
dictable  e3p)ecially  if  proper  control  of  specifications  and 
inspection  is  exercised©  However,  noise  factors  must  be 
determined  in  the  final  unit  although  asqperienoe  with  similar 
units  indicate  the  problem  of  minimizing  the  noise  is  not 
tnsu3:mountable  © 
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2»  High  pressare  bum^^rs  Ssqperdanae  idLth  bomers  in¬ 

dicates  tiiat  some  ijs^^v^^nt  is  desirable  parbieulaidy  with 
respect  fx>  life  of  burner  tips*  Howenrer,  in  this  respect  it 
loay  be  that  a  solution  involving  aoltiple  burtie3:*s  or  meohwioal 
ease  of  sreplaceaisent  can  be  developed  after  some  experim^tal 
testing, 

3*  Prossore  drop  liiMtation  of  palladium  diffusers  Comercial 
experience  with  paHadium  diffusers  has  been  limited  to 
pressure  differentials  across  the  palladium  alloy  tubes  of  less 
than  300  psl*  ISxperimental  work  at  high  pressure  differentials 
indicate  some  uncertatoty  because  of  tolerance  variation  with 
commercially  available  palladium  alloy  ttibes*  Indications  are 
that  this  problem  can  be  handled  by  internally  supporting  the 
capillary  walls  with  a  porous  inert  material* 

C*  Instrumeatation 

The  design  of  the  unit  has  been  predicated  on  fully  autcanatio 
operation  with  no  operator  attention  eoccepb  in  the  case  of  startup, 
shutdown  or  abnormal  conditions*  For  static  conditioxBat  some  pre- 
deteimined  production  rate  the  control  system  is  i>redictable  and  no 
unusual  probLems  are  expected* 

Rapid  rate  change  is  one  of  the  requirements  of  the  unit*  Con¬ 
ventional  methods  of  sensing  control  points,  ad.iusting  flows  arid 
presjmre  levesla  and  normal  controller  anticipatory  ability  can  be 
used*  However,  it  is  proposed  to  make  use  of  computer  control  to 
augment  the  anticipatory  function  as  as  to  analyze  performance 
and  modify  the  program  as  required  during  the  life  of  a  run*  By 
this  means  the  response  can  be  increased  many  fold  and  peak  per¬ 
formance  ensisred  at  all  times* 

For  ccmputer  control  a  digital  machine  is  required  and  is  assumed 
to  bo  part  of  tho  submarine  control  systeiu*  xx  oulxs  should  not  be 
available  an  analog  system  cotild  be  xised* 

In  Older  to  obtain  the  optimum  design  for  this  type  control,  the 
construction  and  operation  of  a  prototype  unit  is  essential*  The 
basic  items  to  be  studied  would  be  the  dyiaamic  characteristics  of 
the  ^stem  and  the  effect  of  logged  time  on  the  characteristics* 
Another  related  item  would  be  the  optimization  of  the  oxygen 
jjijection  system* 
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m.  DISCUSSION  OF  DESIGN  VERIFIGATIQN  -  contd 


Do  Eacperimental  Plaa 

From  the  above  disciassdon  it  apparent  that  tiacertaintities 
that  require  experimental  verifiloation  fall  into  two  categories. 
The  first  group  involving  a  numl^er  of  process  probl^ns  can  best 
be  studied  in  a  bench  scale  or  snail  pilot  plant  set-up.  The 
second  group  involving  equipient  and.  control  problems  can  best 
be  studied  in  a  prototTpe  unit. 

Three  approaches  are  possible  to  the  experimental  programs 

1.  Carry  out  bench  scale  program  before  proceeding  to 
the  prototype  unit. 

2o  Carry  out  bench  scale  program  and  prototype  program 
simultaneously. 

3o  Carry  out  all  experimental  studies  on  prototype  unit. 

Either  (1)  or  (2)  are  rational  approaches  to  the  experimental  program 
with  (l)  being  preferred  unless  time  schedules  are  overriding. 

The  third  is  the  least  desirable  because  of  the  diffictilty  of 
physically  carrying  out  the  required  studies  on  the  highly 
engineered  prototype  plant . 
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VIII,  APPENDIX 


FOflH  NOt  ll«V.  STQ<  PTO.  QO, 


roim  NO.  0.743  Rcv.  t.sa  sto.  pta.  co. 


GIRDLE2  CORPORATION 

SUPPLIER  1 

SHOP 

location 

LOUISVILLE,  KENTUCKY 

DATE 

REF. 

EXCHANGER  SPECIFICATION  SHEET  54l4-E-2 

w 

.CUSTOMER  U,  S«  Wavy 

QIRDLER  joa  NO,  131-5414 

a 

ADDRESS 

CUSTOMER  S  REF.  NO,  HOBS  86743 

a 

PLANT  LOCATION 

ENG*R 

MMO  CHECK  DATE  9/27^ 

4 

NAME  OF  UNIT  Flve  Qas  Cooler  1 

§□ 

LINE 

/  / 

B 

NO.  OF  UNITS  REQ’D.  1  ' 

ITEM  NO.  E-2 

§□ 

LINE 

/  / 

6 

SIZE 

TYPE  BBS 

in 

LINE 

/  / 

7 

-SURFACE  PER  UNIT  UU  PER  SHELL  44  SHELLS 

PER  UNIT 

1  CONNECTED  IN 

PERFORMANCE  OP  ONE  UNIT  1 

. 

SHELL  SIDE 

TUBE  SIDE 

.  8 

-f RCU  L  ATED 

Flue  gas 

Cooling  water 

£ 

jrOTAL  FLUID  ENTERING  Mol/hr  . 

56  .f5 

27445 

10 

VAPOR 

1  1 

LIQUID 

ia 

STEAM  Mol/hl*  * 

39.79 

ia 

non-condensables  Mol/hr  f 

14 

fluid  vxhMHXMXor  condensed  Mol/hl 

39.21 

IB 

_^STEAM  CONDENSED 

16 

GRAVITY  -  LIQUID 

17 

Vlt^CO''.lTY  -  LIQUID 

18 

_  MOLIJ7ULAR  WEIGHT  — VAPORS 

19 

SPECIFIC  HEAT- LIQUIDS 

B.T.U./# 

B.T.U,/* 

20 

LAI  LNT  HEAT  —  VAPORS 

B.T.U./# 

B,T.U./<f 

21 

Tj;MrERATUME  IN  /  OUT 

450  /  200 

*P 

95  /  115 

•F 

22 

OPEnATING  PRESSURE,  INLET 

3?5 

•/SQ. 

IN. 

_ _  50  _ 

»/sq,  in. 

23 

NUMBER  OF  PASSES 

1 

Multi  ■ 

24 

VELOCITY 

FT./8EC. 

FT. /SEC. 

28 

prcssure  drop 

*/SQ. 

IN. 

F/SQ.  IN. 

26 

rOULINO  RESISTANCE 

0  *002  SQ.  FT.  HR.  ’F/BTU 

0,001  SQ.  FT.  HR. 

"fVbtu 

27 

HEAT  EXCHANGED- B.T.U. /HR.  882j078 

M.T.D.  iCOARfCTED) 

SB 

TRArriKl  If  itA  I  K  -  SERVICE 

CLEAN 

CONSTRUCTION  1 

29 

PESrON  PRESSURE 

4oo 

#/6Q.  IN. 

75  #/6a,iN. 

30 

TEST  PRi  SSURE 

Per  Code 

#/SQ. 

IN. 

Per  Code  «/sq.  in. 

31 

DESIGN  TEMPERATURE 

600 

•f 

koo  _ 

•F  ' 

32 

CONFlNtn  GASKETS  REQ'DI 

Yes 

Yea 

33 

_  connosioN  allowance 

Hone 

_ Nona 

34 

CONNECTIONS- IN  /  OUT 

/ 

/ 

' 

38 

Tuur.^  A21^  tp  '^04  No,  3/4 

"  O.D.^/l|.“  BWO.  16 

LENGTH 

11*  pitch  15 /i6  "Layout  tri  . 

36 

ap4o  tp  ;?o4 

1.0,  O.D. 

THK. 

OVERALL  UNIT  LENGTH 

37 

SMELL  COVER  A2l|-0  tp  3^^ 

FLOATING  HEAD  COVER  APUO  tp 

38 

CHANNEL  ,  A?40  to  '=i04 

CHANNEL  COVER  Integral  bonne 

t 

38 

TUBE  SHtCTS- STATIONARY  APUO  tp 

FLOATINQ  ApUO  tp  ^04 

40 

.  nAffEAKs-r  crapes _  _  A240  to  ^04 

SPACING  THK.  TYPE 

41 

DAFFLE  -  LONG 

TYPE  THK. 

TUBE  SUPPORTS  THK. 

42 

CASKETS.  CHANNEL  S*S.  .1ack  . 

afli^i _ 

BOLTS.  INTERNAL  AT  03  Bfi 

43 

gaskets,  KLT,  HMD  .  S.3.  jiaGk.aBb. 

BOLTS,  EXTERNAL  AT  VTT 

44 

SHE.y-  ...  S.S.  ^aGk.  , 

aab . 

'‘tierods 

304  H.fl. 

A^i 

CODE  RLQUtHCMENTS  lO^P  ASME 

.  STAMP  ^ea 

SPEC, 

Glrdler  ED-El  &  'EEMA 

40 

WniOHTJ3“  EACH  SHELL 

BUNDLE 

FULL  OF  WATER 

47 

OUri-lNE  DRVVG.  NO. 

1  GASKET  DRWG 

NOS. 

40 

NOTH:  iNDICATi:  AFTER  EACH  PART  WHETHER  STRESS  RELIEVEn  fS.R.i  AND  WHETHER 

RADIOGRAPHED  (X.R.) 

t 

nLMARKS:--  _(i)  Jfevy-ahDckpr 

oof  equip,  spen^  MTTi 

■s-901 

b(h 

AVY)  dated  h/o/^h  ennllea.  1 

CO 

1 

!>  1 

!,jsr 

rOllM  MO.  0.743  HKtf.  Q.fta  OTD,  PTO.  CO. 


GIRDLER  CORPORATION 

SUPPLIED 

SHOP 

t  OC.,.^TlON 

LOUiSVlLLE.  KENTUCKY 

DATE 

REF. 

EXCHANGER 

SPECIFICATION  r 

NO, 

54i4-E-3 

CUSTOMER  U.  S.  Navv 

GIRDLER  JOB  NO. 

131-5414  • 

ADDRESS 

CUSTOMER’S  REF,  NO. 

HOBS  867*^3 

PLANT  LOCATION 

ENG'R 

Mv/0  CHECK 

DATE  9/27/61 

1.  NAME  P[^  UNtT _ Oxygen  vavovizev  J 

oLJ  LINE 

/ 

/ 

1  NO.  OE  UNITS  REO'D.  ITEM  NO. 

E-^ 

slj  line 

/ 

7 

1  SIZE  TYPE  Double  Flue  "U 

It 

LINE. 

/ 

/ 

j  SURFACE  PER  UNIT  3  PER  SHELL 

3  SHELLS 

PER  UNIT  1  CONNECTED  IN 

PERFOnfi^ANCE  OF  ONE  UNIT 


SHELL  SIDE 

TUBE  SIDE 

.  0 

rUUiD  CIRCULATED 

Liquid  ojiygen 

Water 

r- 

TOTAL  FLUID  ENTERINO 

7.94  uioX/hr 

88  gpra  .(l)  .. 

ICI 

VAPOR 

11 

LlOUiO 

.  7.94  mol/hr 

88  BPm  _ _  _ _ _ 

14 

STEAM 

S3 

N0NCQNPENSA8LES 

14 

FLUID  VAfOFUZED  OR 

7-^^  mol/hr 

Ui 

!  1  AM  CONDENSED 

16 

Ci:AVl  1  Y  — LIQUID 

17 

VliO*'  irr- LIQUID 

to 

Moi  1  oular  weichT'- vapors 

10 

•:|  1  CinC  HEAT -LIQUIDS 

B.T.U./* 

B.T.U/#^ 

SlO 

LAD  Ml  ilL  AT- VAPORS 

B.T.U./» 

B.T.U./» 

4  1 

IT  Ml’M'A  1  OUL  IN  /  OUT 

-297  /  60 

•f 

115  .  /  Il4  -Li  - 

22 

Ol'LU/v  ;  i|j(i  I'i^nGSURE,  INLET 

450 

F/SO.  IN. 

50  »/SQ.  IN 

lUIMni  li  UF  PASSES 

1 

’  1  ■ 

24 

Vt  1  Jf Y 

FT. /SEC. 

FT. /PEC- 

£‘J 

1  nuop 

#/SQ.  IN. 

^ /GQ.  IN. 

20 

rotil.  (It,  lOMl&TANCE 

0.001  SQ.  FT.  HR.  ‘f/BTU 

0.001  SQ-  FT.  HR,  "F/BTU 

r.  f 

ill  Al  1  >C  llANOED- D.T.U./MR. 

42,400 

M.T.O.  rcoRRecTED)  | 

1  PAL  .IT  If  UATi:  -  SERVICE 

CLEAN 

CONSTRUCTION  1 

20 

.  •»  vf'T  1  PHI  -LSIIRE 

500 

♦/SQ.  IN. 

75  »/SQ.  IN. 

30 

1  1.  -1  PPi'SSUiiC 

Per  code 

<P/SQ.  IN. 

pF»r  «/sQ.  IN. 

3  t 

IlF  ILr.UM  RATURE 

-307  to  150" 

•f 

-307  to  150  _ 'F 

32 

1.'  I  ’.J  ifM.n  GASKETS  R£Q'D7 

33 

t’ljTJfr.siori  Al.LOWANCE 

1/16"  _ 

.  1/16”- .  - 

54 

i  V-jlUJ.  ^  riONS  -  IN  /  OUT 

J.'L700#  EF  /  1"  30C^  HF 

iqr>#'  Rp/i-i/p”  iqo#  fi 

3 '3 

■<  •  SA  -312-  tp.304_(2] 

=  •'>:  SA  312  tp  304  (2] 

No.r”  U  O.D.  1  .0”  Snh  llO  length  PITCH  LAYOUT  (?)  1 

3 

KDC  O.D.  3.5"  "U" 

TH®Ch  40oVERALL  unit  LENGTH  ^  ^  -*6 

3V 

•tf  !  L  COVER 

FLOATING  HEAD  COVER 

3y 

r.ii'uriEL 

CHANNEL  COVER 

na 

rum  •  llM.IS  — STATIONARY 

FLOATING 

40 

•  CM  :  >  F  V  - CROSS 

SPACING  THK,  TYPE 

4  1 

J  ri  t-  •  tA)rR.l 

TYPE  THK. 

TUBE  SUPPORTS  THK. 

42 

*;a  , -il  l  C.  CHANNEL  None 

BOLTS,  INTERNAL 

43 

f  - r-u'.i  If'.  iT.r.  m-AD 

BOLTS.  EXTERNAL 

44 

ITASKI  1?:;,  sitLLi.  None 

TIERODS 

4:i 

cr.r.»  ftiroUiFiCMilNTS  1962  ASMS 

STAMP  Yes 

SPEC. 

_(llrdlerJlD-E2^&  TEMA  "C "  14 

40 

1  V/rPTU  :i-‘ EACH  SHELL 

BUNDLE 

FULL  OF  water  ] 

47 

1  uuri  iHi:  Dinvc.  no. 

1  GASKET  DRWG 

.  NOS. 

1  iio  ir:  utdilati:  ai  ti:h  each  part  whether  stress  relievcp  ts.R.)  and  whether 

RADfOGRAPHEC  fXR.) 

40 

1  RLMAR!:‘i':-—  (l)  High  rate  of  flow  is  intentional; 

.nQt.,r^aM  fQr_.,duty.  i2)  Impact  test  1 

sio 

req'd  per  .code, .. .  (3,)„ 
(4).  Kavy  . shockproof. .e 

...Inner,  pipe.. welded,  ln.tij  oitter-4>lpe..'bo.th  enda  of  ”U''. 

U1 

yiiiip^>-ap.ecLa  MIL- S;!^(U3-4MAVX)-^,datedJ^/9/$iit,~applIas»--. 

girdlcr  Corporation 

P.  O.  BOX  174 

LOUISVILLE  t.  KENTUCKY 


jlSuppliL-J’ . 

Bhop  Lociition. 


RECIPROCATING  PUMP  SPECIFICATION  SHEET  jUlIi-P-l 


GtrdlcixliUGjus.tQmpT-  .  .IfetYX _ _ 

A  f I »l  r ,s  s _ ; _ _ _ _  C  u s toirvp rJ,s  .RpL J^-Oi^QBS-^ZkS - 

PI  fin',  location _ _ _ _ _ --lEng T ^JSiQ..  CJ? 

, (RupXex) _ _ _  iRe y .  “IZJl - - - 


OPERATING  CONDITIONS 

u i rL.P.ii.‘P. p (id  (a)  . (B )Q pr).4e.n.aat a _  . 

SiK'iinn  Te'iapjf^A)  30"B5j  (^)  iOO  ”  ?00  ? 

D<is.iipiD.is_chargG_Erj;as-UJ‘‘‘. _ li50 — 

.riaBiEaSAic.t.Lon_pre,a.§.ur.e(A).Q=32CUXB)ci=^~?RsiP^ 

r.ravTlY  60"F(A)  O-YQi^:  IB)  1  i 

DeBifrn  DiCferential  Prosaiire  _(j) _ psL- 

_yiac.u..a  ily _ Cl)  Cf>J§  SuntiQiLTjump.. . 

V^‘Tior*  PrrrfiKurc  f?)  pKia  6’?  Suction  Temrj._ 

.NPS.Il.J:i,*s.ai.glUA)..l64.4B)-j6 _  U;._ 

NPSH.  Required  fL._ 

s  1  (■  am  ^  U  r  ate  cl. 

r.iirrpntniiar^^'^irf.r.  VoltsS  Phase.  o.O  Gvcle  . 

Capacity  @  PumpinR  Temp*  i  Normal _ RJ'fR 

ilannciiy-ijL£uTriPin£..  T  y  rQP..-.Iles.iK.Ti-  mun 

P-lA;  1,21  gpni 

S  PEC  IF  1C  A  T  IONS  p.lB  i .  07  gpm 

,&„MQdel - - - 

Cyl indnr . Presauve _ 

Slifl'tfTLJj.nd.JPj.P,. _ psi _ T..iX — — 

iijUC.t.F.lan(.>  u  _r.E  tt:.ani - E  iq .  . 

DiaduFlnnoj  -.Ste  am - Liq-^ 

atoiLSpusuL. . . . fiZcua — _ 

..  .idM.MtLi.fJ-Jitn'ijl  .  . . — -,fi£pr.Shi 

G.oa.tJTaU.a„ _ 

.ausiliuiLYAlyj.vj'iiK‘’f - 

Ar&a.,  ..sq._iiu  _ _ _ — _ Y, \Jt/n,nn 

_ _ --- 

Ai'na„..iiq.iu.... - - - _y.el,  ft/ndti 

F.iririi^iK’v 


Dr  i  Y  «  ai^.£Lmcmatsji  Jj 


AGuRilSn 


ADDITIONAL  FLUID  INFORMATION 


AbrAHiv^'  ?>Qyd  B _ _ _ _ _ ^ _ _ _ _ _ _ _ 

L  u  b  j  ■  i  c  a  i..  it>}  P  r  P  ji  e  r  t  ie  a _ _ _ _ _ _ 

Cb,)r  roaive  Properties  (pH  »*  _ 

MATERTAES  -  LIQUID  END  Mfr.  std.  for  service. 


Li  i  ui'.E - - - — — 

P.i  alon _ _ _ _ 

Piston  Rod _ 

Pi  a.t  am  j:.'f 'L'K-ln  - — - 

PI H UaIi  Piin Ui iiu.G.i.'in.d _ 


^Valves  _ 

jyiaiva.Seaia_ 

.-yjjlyju-Sprinii 
Vaive  Bolls 


general  information 


3'ti  N‘  i  Wt,.  Punip  Base _ - _ Coiilinu  VV;:iU:r _ GPM  ^i)  _ _ 

3^  N i;.  * . W.I, }:'v» i.np  .Oil I  y _ Mfttvll _ _  UiS J ' ! 'li i _ _ _ _ _ 

V  U.niui  ai  u j  i  - "i  >•  ‘.i  I. Ji:  -  N  y  d  r  a - ^  I'i  dq ;  O  ‘.h  i-  r - 

liM-  jdi.i.iuiiial.Si.:'..LiIiLiRioua _ _ _ I..  Mu!.ux..i;iii‘..K>a.uj:c — Pi:.*..  - - — .  — ... 

it:;  Rr^aiir.kai- Xl.X(A)...0.^B4.  -  ■.Q,.63  .(JB).  0.73  -  Q-29  (bX..1  .^  ..12  X3l-XA)iaQ.-jl3£ 

I ) -(b).1QQ  ,--,.jf.5Q — t.4,)..,Var,lahlfi,.,npf!Rd..  drive  tniinT...leiad...i.tnelf  tn  automatic  control  by  .  Purchaser  ;alf 
li'.  manual  strokq  .adjustment  while,  pumping  is  req«d  nr  hnt.li  heads.  Combination  of  these  controls 
1|],  must  allov  tui‘*ndovni  on  P-IA  to  0,06  Cipra  and  P-IB  to  O.O5 


GPM  @ 


J'J  >.  .u  t.  ji:  J  f  y  d  r .  x - 3u; ;  O  Ui  l\  r. 

. ..Mu U/X. i ro- 


GinDLc:«  Cor?Poi?ATioN 

P,  O,  CiOX  174 
tOUlSVILLE  t,  KENTUCKY 


. 

vSi‘,o|>  Loc:  :iMc>n  _ 

bale  . . 


RECIPROCATING  PUMP  SPECIF  1C ATION  SHEET  5ll-l4-P-2 

'  C :  >  'U  '.•r.E"i..G,us^o;Tier ,  U.  3,  Navy  _ _ _ _  Gi  nl  uM:.JiLb_No. _ 131-5^1^ - 

AtlflrcKH _ _ _ _ _ _  ■  Oiirilnmt^r's  Ref.  No.  MOBS  86743  ,  ^ - 

PI ’’.Ui'- a ;i(jn _ _ _ _ _ _ I'Ingr.  1^0  Clx'c.k _ Dale  10/l/^2. 

N i.'.'n <•;_ pi. JiimiP _ Methanol  and  Condenaate  Fuel _ Rev. _ 

I'.r.tn  No. ^  P-2B  (Duplex)  . . . .  . . _ _ _ _ — - 

Mil.  I- o'(l _ 2  Pnwt-'f  Sleani  Prfiporlioiiing _ Rev. 


O  PER  AT  INC  CONDITIONS 

’  J‘\luirl.  lArniH;diA)..Meth^^^^^  . ..(B)  Condensate..  OoBiini Discharge  Pre-’isurii _  450  .  iisig. 

’  'Suri.ion  'I'v  30  ~  85 _ (B)  100  -  200 _ “.F  .  ;Dc.,6ignSl^ct.io^k.Pxc.&s.«Eo(AiQ::i320JJMl0r35.^^-5ipt. 

'  G  r.aviry  (i,<i  ,(jO'"F(Aj  Q..7g5 _ iui..L _ D<iS)IUl.DjILeX<intia]_PrA-S.aUILa_^_^  - I'Ki_. 

’  Vi.'ii.  osi!.y,. (l)  _ Cp...@S.ii.clir)n...Tunu>..- ...  Nl^H,...D.o,s,ign _ Ca)„16.j.„.(,b1_^ — - 

V  _ (2) _ li?;.ia-^L>SueU<)l!..T‘eMi].p._.  NPSJ;li...R.y.<lU.ir.ed - -  - - - - 

■  S!t_aii.i._  ./.....PSiK _ S.al  iu-ated.  .  tR_U'nE.i. JPl!»>Iiil?.E.  .Xynip.,  .  Nonna] _  EP'n 

•  C.ii  t  i-enl.  O li.-n-^^^iTli.nVnll'.q'^  Phase  Cv<- le _ Ca))ncRv  (dj  .F’timping  Temp.  .  _ lil’XU 

P-2A;  0.24  gpm 

_ _ .specifications _ P-2B;  0.48  KPm 

I  Ml  f.  A_.Modci  .... _ _ _ • - - -  - -  - —  . ..  - - - - - 

:  Cylinrlct  IR.oi.ign .PxE.TiiyVX :. _ _  l'-‘C,  Brake-  Hu  Normal _ _.j3eailR} _ 

-  SPytm  End  .lX.i.’ _ _ p.§L.  T.  F _ pHi  .  S.tro ’.p .RaJc..i!//lu:.«J^£!xaxial _ Dcs. _ 

’  .Sut'.t..lv.lanj;c Steani _ _ _ Eiq _ .: _ Jhdj _  MIqI >.»  cR.eir.amiamdxcL- _ iip_ _ 

'  •Ti.a^.hJ'lrAjij'.e  -.Slur.ai^ _ Ldq - _ Djuyi;.ixlajJa<iXu.i;ui£LhcxL.b.^^ _ Eump.jnfrj - 

’ !  aLMiiSp'.-.<.'d-.. .  _ _ lti.nTi.a _ _ rp^r  llrJ.Ye i\f3.Uhbe.nifu.i!ited_by._.^ _ "  ^ .  "  _ _ 

Co.. !i.r_lGTy.D- _ _ _ _ _ Typo...c pJ.g - Falk  or  eg^ _ Giiaril— ...Yes  . 

FS.U!iLii.:ii.y..-'!ly.'vfii:-i*?. _ _ _ _ ^ _ St!ifi.j.ng.bo.K _ ' _ _ 

1  A'.<.;a,  ...sq.  in,  . . . . VyLii/ll-'in. _ _ _ LiUdern  glayci _ _ _ 

I  l>i  !n:h.  Va  h'.-.  .Si'/.C  _ .No,.... _ _ _ _  Eid.n  jvajor _ 

:  Arra, ..iiq.iu . .  . _V<d..  ft/niin. . .  ..  Rolicl  ya.lye _ _ _ _ _ _ _ 

1-q  n-  irnc.y.  VuluineT  nc _ %  Mf.clt, _ % _ Capa.ed.y.  adjustment _ Yea  .(4) _ 


ADDITIONAL  FLUID  INFORMATION 


Al>  >*4:>  i  y<:  Solicit^  _  _ _  _ _ 

L  u  h  I  i  r  a  I  i  i )  j  j  ^  Pj:  r> J20  r  I  u;  _ _ 

i ■  *1.  C  ^>r  ro?>ive  Proper  tie  r> 


CyHiuh'V  . . . 

PiMlo-n  . . . . . . 

PiwUin  \U  <\ _ 

_ 

PiiiP-n  Uipjj. rri:iiv4.._ 
_ 


ilt  *  Wi..  pump  _ 

•  J  ‘uroi^  f  >n!  y._  _ 

i  •  m'J.KHiuj:  jiU  - 

|.:r.-Mi;.,.:  {l).,..(A)...0.84l  - 


MATERIALS  *.  LIQUID  END  Mfr,  std.  for  service 

_ _ _  .V^'ilvos  _  _ 

_ Viiivti  ,ScaLiL. _ ; _ 

_ _ _ _ _ _ 

V^dve  Doits 


G  E I  -I  E  R  A  L  J  P  on  Jvi  A  T  IQ  N 

^  _ _  Gouliut*  V/ rd <: r 

. . .  Iiuijsp't  !  Jori  _ 

_ _ _ J  M!J?.uJ:,.P.i;c.lo;j.ujL'.c_i 

0.634j  (b)  , 0.-73  rJ).29. .  . .  -  . .. 


GPM  (jj _ 

-n3ig;QDuii: _ _ _ 

.‘-X>-fip._Jpl. _ _ 


!  ..(2)  ._.(AC.„0,.i;2._-.  3 .04 . (P)..l.r.l2 . . . . .  .t3} Ca)  130-450;  (B)  100-450  "  ' 

;  (4)  Var.i.nble  nneed  drive  must  lend  itself  to  autora.T.t Ic  control  by  Purchaser:  alco  manvit 
ndluntiiient  while  pumping  is  req'd  on  both  heads.  Coiiibinatioh  of  these  coirtroln  iriuot' alh 
;  .tiiVwloi/a..oa.P“2A-.to-Q...0l..gpra  .and.P-2B.to  0.02  .gpm . . — . . . . 


vial  stroke 
Lio;r---  ‘ 


i.:  .1.^  Jijii 

P.  O,  i^OK  174 
POUISVlI-Lt:  1,  KENTUCKY 


_  J’-G  IPROC  ATiNG  PUMP  S PEC  IT  IC  A1  SHEET  js/q,  5^1^-P-3 

;  <  •'•  I '!.‘.-.u:.’.i,,..C.u^'toMKT  ,  ,u.  S.Tiavy-"^  t^Tn!ii>i-  J.'.>ii,Na,- _ _ _ 

:;  - - -^l-CZriT "Z -  c u^toZv Na. JfOBsleeilZ _ 

{  ,'^l''U'.J,o.ra‘.iuo _ _ _  ■  ■;  r.MTO  Clicdt- _ Date  lO/l/Sa _ 

i‘  - ?fefe&::I?E-6fiJ3sA§tl§atQ  Pump  Rov.  _ _ _ _ 

.  /  m'''"'  "  ^ . .  ZZI  . . * '  V. _ _ — _ 

a,.J^XL/.l.l!,,.,,,,^,. r,  Pro|)or|ioiunf>  -  ~~  - - - 

_  -■  -  _  _ OPERATING  CONDITIONS  _ _ _ 

/(  «  . .  , Condeneate (tr a i (I’lTDrZu- Egfx.E re u: .n lut s; - 350 _ Jisjfi- 

I'^ucMocijVmu. -  - 100  “F  |D,:J;,^;vSuc<:ij.->a^-&fi.«aur,‘; . . O, _ ,,aiR^ 

l-0.a(yRyj;i_C(J_lv.__. — _ _ mL^ 

ll  V  tr^- - - — — CjA@SucliDa..T.c.iui!. _ LHPSli . na  sj[;rL__ - 16 - )  t._ 

'■*■1  Vllf>ur  I  f  S  Ml  I  I*  <1  T  /.Ti  I'l  ...  I-...'  ._  r.  _  I  r*. 


■w  V  i 


a  t  Qfi  i » y - - — QjjQ — QjP^  @  S  u  c  I  i  Da..T.c  iui! . 


II  V  -.r  •  >  - - — — s-R-iiKoucuoa.-Xciui!. _ NPSIJ i.'!.; - j.q - >  u_ 

l'»  ^  - 2 — R!iia.iL5uatjoa  ,Tainr>._  . . . . . . — 

*:  . .  /  .p.sia. - - - .-"A  Satiu-atcKl,  .  Cfunicily^i^PWlPR^fi  Xcmp...  Npjptiai _ gjm 

...1 M r *~itiULX.il!j.i.t! tp^QiVpRa!!  Ph.'ulf;  6o  Gvt:U:  P'lmpitip  Tctnr?.  .  Dttsiyii  Q.p  yp*''' 

,,  . . .  ,  _ _  SPECIFIC  AT  IONS  _ 

III  MIr  ^SiyAL  ji..AGR^  Z  ! - 1 -  _ . .  . . .  '  T " 

■I / ‘  O  S i ({ a. Jijusa aa\v c _ T. .ZZZLZIT' « K  D iNiirc 'HrZr? _ Op.Eai.n _ 

ivl  q  nsLi),, E - p  s  j., ji\  _ a  j'  T g j  j.  aate„if/lix-. Jto£iTaaL.____Dfijj., _ _ 

'lauct.  ^lanou  -T..  Stuani - Liq _ ! _ _  _  MQl!j.c.aKC-arauifiii£{£d - Hi> - 

TO*  - _ _  Hi- Lvar.i-i:'i furniaiiEiLliy — Pump  mf i:,. _ 

'’n '» r  - r  - (Unii  a _ r prW j? ?- iy « r at ed-k y - ‘L _ !* J _ 

i ..LM.MjUa.^i4UiU._ - fi£ajLS!l3j;i _ __Ji:ypZT-^y^  variable  aaeed - Guard.  . 

- - 

•V-  . . ^ — . -VpI.  ft/jjur. _  Relief  valve. _ _ _ ^ 

4'3am£ULniLX^^  _ SrMiadi.  «/,  r - (fv  .•■dtiistmeat.Yeaj  _.whtle  pumping  (l) 


-  Type  .c  {«!&•- — SillCJ 

.Li;U).t.e...rO-filail£l - 

.1.  II 1)  r jciilQA - 

Relief  valve. _ _ 


•  Yea;  while  pmpinp 


— _ _ additional  fluid  information 

27  AUf-ilKivc;  Solulti _  _ _ _  ' — - - - -  “ 

(\«.lLinj]LPxSJl£,I.lie_a _  ~  ~  ' . - --• 

Ctiri-OHlve  Proue rtie7~<pll  »  ' 


3C  C  yiiitdji.y  _ _ _ 

32  Piston _ 

33  .Pi  ft.L'jlLjLHl  _ 

3ij  .Ei  til  arui? ;.» c.K.i  ii{{ _ 

3.;  Pis loit  pa t ki Jig.  G 1  i, ,n| 

■3(1  Base,  kHi.u. 


371  N«P  Wl...  PuuZa  Baau 

3f  kLAlL..  i'pr!>i>.  Vif7iy___ 

3  'a  .  Li^.u'uu.is  i  u  ;i..  1  LTi  iJ_N  j.i^ _ 

fiM.  Aadiiiuual  kiM-iuf icatiuj 


MATERIALS  -  LIQUID  END  -Mfr.  atd.  for  aervice 
. .  . . . _r.tu_!.- _ _ 


general 


.  .Mr!  pi! _ 


_ y  al  VC  $  - - 

- A'lniva.k’^^Rt-S- - 

Valve  Bofts 


JNFOUivlATlON 

TzirzinHiZi^^ 

_  I  Insipirr'.  i'.ui_ . . 


GPM  @ 


:i  ’.C  a  t.;a-.  I  r  y  1 1  - P  RHiicJ 

..MiRux,.  ]>!!.':  luau .If^  SyL^JL 


'•  U  » V  -  ?^\n  _ _ _ _ ..  J  JA  Q  tux.  :  7'  i  >-  -  i  .4.^ uy^juL _ _ 

;•  Q7^‘''^^^^-:^^^--^^^^P^-^i-OA-OfL.v.ar.lalile....8p&ed.-and...a.troks.,  adJustment_muajLAll.ftW'..turDdgw^.tQ 


r  o 


GiRDL.BR  Corporation 

P.  O.  BOX  17A 
LOUISVILLE  1,  KENTUCKY 


|5u:piJl'a‘r . . 

Csl'.op  LuciiVioi^ 

- - - 


_ _ •  RECIPROCATING  PUMP  SPEC  11' tC AT  ION  SHEET  SUlU-P^ 

C’.nUcr^^CMS.tomer.  .V.i.ayHaYJ^ _ "aii-dler  .r^-.U  No.  ' 

A?i*ir»;.rs - - - -  ■  Ciistoirif.tAs.Ri'f/N^r’TWSran 

..H I  fLU'i_L0A<iSigfl - - - Eng  p  .1^0  CiniicVi  nm  J572 

N-Ii.irit.i.uf  Purn)  Liquid  Oxygan  Pump _ _  —  i-£ft - 

,  f V.'-.r'n..  No , _ P^lji _ _ _ _ _ "  7r_  " l^ey. . "  - - - 


o.  Rc-  fi'd 


L i  III— ip  I  — 


OPERATING  CONDITIONS 


KIviKLlM-TUK-tl - W.'l.ul.a..0ja.„..  . . . ^ -  .  D.iaigu.ni8i:hAcga.PrjJHPui-ii  1(50 - 

hM.«iLLon.:pim^ - r2S2 - ; - F„  DttB  jgD.SHCtton_Erj5aflur.(s.  JZT  ol - 

iJas — - D.aaLi8iiDJ.rii5Xiiint.LflLPr  o  a  HiiTT'^Liin - 

.YiafoaUy.,_; -  .  . - C4i--@5ii£.ti£ULJI.iimti. _ NI?aiifc_li»j.aign_ _  A« 

Yapari-Pj;i;.aaurj; - l{LJ-Ra.ia.@.S\u;.UQii  Temp.. .  NPSlJ.  _  _  - 

aillrUli - p.aig. - Ji^L&LtViratftlL-  .GiiRavPy.^  Pur^in^leum. .  NurTToi'l  “ 


SPEC  IF' 1C  AT  IONS 


_ll.. 

-^U  — 
,  Ul'" 


B  IliljSgJiUjjqr  inal  Oe  „ 

Ste«  o:>_Ilat£-If/hr._NQrmn1 

MutQ-tJlacjimrncnclcd  f-jp _ _ 

Hjtivill’StQ  be  fnrn(g^ptH,y  Pump  nf 
J?r-ivt;v^.tiQjij^ino_untc^d  "  « 


ADDITIONAL  FLUID  INFORMATION 


P  i  a  1  o  ri _ - _ 

P i  a  Ion .  H,o (1 _ ________ 

Pi  41  tiroPar  King _ : _ 

P i  :i k\n  I  *iH  l<  j jiii.  Glaud ... 

B.-ou-  Pl.iV.! 


-Yalveg  _ 

JYaIy:c_Seats 

Valve  Bolts 


GENERAL  TNFOR  WATION 


GPM  @ 


*  .i. \Y-L*i _ f ^ ^  _ _  _  ^  i  i VV^  ri  t'C:  r  ^  F*JVI  ® 

,7  i! .  _ '‘V  J  ^  0 1} !  y . . . h[  ^  *: r. _ _ _ _  i '  ‘  ■?  j  i «  m i  ~  ^ 

I ■  no , , .u ior  .Urj Id  - - - .T*, at.fi -Jj  y 

i*A!-li»!';n  d.ai.'*  cjj  icatmua - _ ci.  i  jn 

1  r.  ;!  ,.1 (1)  Able.. to.  turn.  dovn  .to,.Q..QR  r,pni,-.ei,ther_.by...0trDk.e, 

v'rf.rlable  .drive  or..both,..,_Var.tablG.ari..ve  may_.bQ..Altte.r..a.^J^^^^ 

clutch  arranraiient .  ~ 


-P3Lig4Qiiii>.j 


i>.u'.o,v  EiUilafiutc — CI__J.*„jG{i. 


.-..Q.c..by _ 

mgnet^ 


UNCLASSIFIED 


